




i;\n:iii\ii;NT.\L stidv ni' (i\si;> 





AN 

Af ViiCN T^dl' •I’lli: KXrKIMMKN TAI, MKTIIoDS INVulA KI) IN 
'I'llK DKTKHMINA'nuN or TllK I'lK (I’KIfTI KS dl' dASKS. 
ANI* dF ■|•|||•; MdKK IMI’dlFl AN l' liFSK \ l!( Hl^ 
CdNSKc'IKli WIT 1 1 llll-; SFFJKcr 


Id 

MiHM.’is w. Ti:\\i;i:s. i».sr. 

1' 1 > M ■ I . . ,n , ' - ' . -M* I ' I A M M \ ! ■ '! 1 -'ll! 

I.M.. .% 


W 1 I'll AN IN'IlldlH < '|di:v I’llKFAl i: 

Id 

l-|;..ii>soi; Wll.l.IAM ilAM^AX, l.i.H., HS'.. VMS. 


iLonlJon 

MACMILLAN AND CO.. I.imiikp 

NKW M>UK IIIK MM Mil, 1 \N li'MI'VW 

t ‘.t 0 I 




' INTIIODl'C TOHV PHKJ’ACK 

Till, iimiiipuliilinii nf L'Jisrs li;is Ikm^u ilie uliject <j 1‘ JillA'iilion al 
xariniw nl* rlirinical liistnry. Scla*(T‘ <*nll(‘('ti.*<l his Leases 

ill l»l;ni(lrrs; ITir'^lh^v, iiin'nnsciou-Iy iiiiitalin.i: Mayow. hrouj^lit 
tin* |iiiiMiiiia(i(‘ trniiifli int(» us** ; mid lluiis* !! d^visi'd [iroces.^fs 
^lill «'iiipl<»y(Ml ill analysis (d* ifasi's. Tin* dt*vice •>!’ Sjuvnyel's 
and lalrr tliat of T«»jdor, has jilacod a ia*\v instrunnuil at 
I Ilf dis|K»sal of rlifini^t'' : and ihc iiiiituiious int*lIiods of Hanipson 
and l.iiidf of jirtKlucin^ li(|uid air in i|uaniity has inadf it pnssiMe 
l«) deal with ,L:a<i‘> as fasily, if not nmio -i». as witi' liqinjls. l.s 
llif h scaicli nil lln' i^a^fs i.f the ht-liuin sciiu^ a n\unl»frof worker-, 
inrliidiiif’ Lord IfaNhuLili, and Ih-. I'ollit* and rravors. have made 
u-c nf apparatii-. .i dt-x iijUinii uf* whioli doi-^ imt always appear 
in tin* niiuinal papers nii the -uhjeri. Imi whirli will he fnuiid 
irealed nf in this volume. Ih*. Travers has aNu taken the oppm- 

uiiiity id* tahiilaliiiLi: tln^ more important e(»nstanls relating to 
Leases; ami wlial i- )>erha)»s of .-till j^avaier imunenl. of direetiiiLr 
the attention uf rhemists and phy.-ieists to laeuiue in kiiowled;ae. 
which suiii^^ivsi snhjiM't for reseai'idi. 

Wn.i.iAM Kamsvy. 


I'mn 1 i:vii\ (\ii 1 H.r. 

Ortnln r n.MIl. 




I'HKKACK 


In tin* Inllowiii^' I altriJi))i«M[ ii> giv<* an accoiuu '*!' 

tla‘ «‘\|M riiiKMital iiirlliniN which have Ikmmi aj)]>lie<l to the >lu«ly 
nf !^u'-e>. and tn «lcM iihe ilic iiioie ini]»orlanl reM*arclie> which 
have liccii ('allied »ait with a view to deterniininL! their ]>roi»erlie> 
li IS |ir(jli;fhh‘ that in no other section nf chenii>trv ni 
]di\>ics do such diseivnaneie'' oeenr a^ exist anion^ the exi»eri- 
niciitiil \:ilnt‘> a^^iLtned hy dilh*ient invi*sli!L:atcr- to the ]>liy<ieal 
('oiislant^ relaliiiLt lo teases. Tin* e\isit*nee of such irieLtnlarilie'- 
renders the treatment of th(‘ suhjeel nuher ditlieult : and as in 
maii\ eases the nn'thods of manijmlation, and lli(‘ manner iii 
wliich the ^ases c.\])eriniented upon were piejKired. are only 
hrietly descrilM‘d in the (uii^inal ]*apers, it is often im]»ossihle to 
arrive at the prohalde sources of e nor. In statiiiL: results I have 

in many inslaneivs attemjKinl to imlieale itj what (‘Xtent they 
may he ndied uj)on. 

The hriNidth of the suhjeel dties nut piTiuit of its eomplele 
treatment within the limits of a siiioh* volume. 1 have llierefoii* 
ohlieed to restriel myself lo a deseriplion of sueh method- 
as may lind applieation in researeli, and of those iiivesiioatitms 
which either involve in'w prineiples, or whieh lead to results ol 
impoi'tanee. in the ehapters whieh deal with the licpietied eases, 
(d* whieh our knowh‘dgo is <laily inereasing, statements are made 
whieh may shortly need nwision. This is particularly the ease 
with regard to t‘xp(‘rimental results whieh involve measurements of 
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temjK'mtun?, for iiutil \vu arriw at a nioro certain kiiowlotljjo of 
the relationship iK'tweeu the pmctical theriiiomelrie and thorni"- 
dynamic scales of teinpbratnre, the values of physical constunls ai 
low temperatures must retain a more or less empirical character. 

A considerable portion of the Inaik is devoted to the descrip- 
tjon of the methods which have been ijevelopetl durin;,' the 
investijiation of the t’a.ses of the helinin ^roup, and whicli are 
capable of applicatioti fo the study of other prtibleins. The 
oponino up of tliis new tield 4>f researt'li we <o\e (•• I'lofes^or 
William Ihunsay. and 1 take this opporiunity ol ihaiikiii;^ liim 
for that Craiitite^ and esperieiu'e in e\perimeiil;(l iioiee uhtili 
1 have while Working with him at I iii\er'il\ ('ulleL;e 

T'l 1'rnft‘^vir .1, \<iriiiaii t>> Mr. 11. < " < ’ lUly. aii i in 

I 'I, f. (i. 1 '"1111,111. 1 .1111 line h indi'bted ha llie a>|\|i e iitiil 
.I'si^tame liiev h;t\*' Iflldeli'd lllf. I al'owisil !<> eNpre'-^ Iil\ 

most 'iieorf th.iuk'' l" Mr. itn.iof Soiit*'!'. fui revi'-ino ihe 

tiiiid ]ivool--,heri ' ol 'dll' !)o k 

Mokiiis W. TiiWKi;.-'. 
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THE FUNHAMEXTAL (iAS LAWS 

• 

Maitku ill the ^^aseous state is < ajiahle c*oiiij»letely lillinp all 
available sjiace, anil, excej>t so far its gravity is Concerned, of 
dislrilniling itself equally through that space. It is. therefore, 
lu^cessiiry to cnnsidcr the conditions under which a gas iscoiitined, 
in order to dctennino its quantity volmnetrically. 

The. two fundamental laws wliich connect the volume of a gas 
wiih the temjieratun* and pressure under wliich it is confined, 
are as follows : — 

77o ivluntv of (t mnV,s imrrselif (/a j>rcssi*r» 
ff/xui If (I^iw of lioyle and Mariotlt*) — 

/\.V 

77o’ ri>hn/u' of a (jas uf (vastanf jor^^sure r/r r/r#r?'a.w 

f>i/ oj*;. 0'U0‘*iib.» 0 / fit 0^ C. Jin' iTft'if d*tjrf' CVa//- 

•ji'tnU' thnnnjh ichUh U t>* hrnfrd or rnoUd (Law of (.lay-Lnssac), 
Tims, if wi* reckon temiwralure fi-om — the absolute 

zero, combining tin* two laws - 

_ R.**u 

T- T/ 

In order to obtain comparative measuivmcnts it is nceessarv 
to reduce tin* observed volume of a gas to its volume under 
siandanl eondiiions. The slandanis \yhich have l*een adopted 
for etinveiiienee are (L the nudfing-jKunt of pine ice. and the 
pressure equivalent li* TOO millimetres of meivury at O' C. in 
latitude 4o . This is equivalent to rOL‘»dxUV' dynes jx*r 
sijuan* centimelre, in absolutf^ measure (see p. I ITi* 

* Tin* ratio of tin* vahu^s of tin* irnivity I'unstant in tin* Kim turnt of TnivciMly 
< olt’K**, Lomion, ami at M>a-I«*vfil in latitinlo 45’ is as 1 to l oaci;. 

n 
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In dealing with mixtures of gases, each gas may k* con- 
sidered as exerting a pressui-e, dei>eiuk*nt tudy on tlie (jnuntity 
of it which is present in the mixture. I'he jue.ssure exerted 
by a gaseous mixture^ is tl»e sum of the pavliul pies.sme of the 
constituent gases — 

* ••• 

It Is also neces-Siiry to assume Avogadm s hyputhesis. foundeii 
on Gay-Lussac’s law of volume.^, in order to connect the ehemit al 
and physical ]>roiiertie3 of gase.s. A’^ho/ n-ii'itus »/ all -/(/v.s, 
Ufuler the same iximlitirms of (empn-nhif j,ossiir>\ ifntaiii tin 
same iiomler of maleeul-s. 

The general equation, 

T r 

can lie given a simpler f'>rm if ue 'U]>|M>se ilie .•.yniln.l-- mi tli*' 
right-hand side to repre>ent the unit \olume of oa> undei 
standard conditions of tempciaiure and prc'snii'. unit volunn 
being taken to be L”i'w9 litres, the vulunie of one gram molecule 
of any gH.s 

TOO >t 


If we express the )»ressurc in atniospheres, the value of I! in 
litre-atmo.spheres becomes 

1‘" =oo«i;i. 
j I>V.-0(i«19T. 

This ec]uation finds wide application in tlie .study of the pro|it.-rtie,> 
of gases. 

'rhese law.s hold true only within the limits of <jrdinary 
exjjerimental research, ainl must not be taken to e.xprc.ss the 
relationship between volume, tenn»eraiure, and pressure ovi-r 
wide ranges. The deviations from the general laws will be 
considered later. 



. CIIAI'TEII II 

MKRCrUY-ITMI'S 

(»M#t fi-nii of j.uin|»^ TMpUr’H -* Acci-ir'iit*- to |*urn|»« 

lUlv ’' ]'Uiiip Shortcut Automatic w<irkiiig of lift ■ pump - 

jaiiiip Mult ipb -fnll S|ii* iig<-rH Pn»rlii<'tioti of higJt vsi-ua * 

Suifiw- rninlriisiitjnii o! gas*'*. M« th<*<is of |•«rif\lllg ineix-iirv aii<l of rlf'.irj'.jiig 

glass ap|tai;itus 

The nlirratitms iiivnlvoil in tin* ileterinination ol* thi* cla'inical 
ainl iihysical j»n»{K*rlins of gases cniisisi lor the most part in 
transferring quanlilits of gas fr*»ni one piece of apjiaratus to 
anotlit'r If the gas under investigation can he ohiained without 
dilli(*ully and in largo quantity, it is a matter of little iinporlanee 
whether any (juantity i»f it W lust or contaminated. lh*cently, 
howevi r, the investigation nf the ran^ which can only I>e 

ohtained in small quantity, has rendered it nece.«sary to construct 
api»aratus to enable tin* wlitde of the gas to be collected in a 
stale of purity at the end of each exj>erimenl. 

In rei*t*nt years the i!Un»diution of iiuploycd.._fonns of 
mercurv-[mmps has rendered work of ihi.s kind [K»ssible, and the 
removal of a cpiantity of gas from one ju'ecc of ap}>anUus to 
another, willamt measurable loss or ai»preciable con tain illation, 
has become a siiiijile matter. 

Merciiry-pump.s may Ik* considered as falling into twocla.sses; 
Iift-l>umps. in wliich the gas in the pump-ehanil>er is expelled 
l>y the upwaril m<»tion of the mercury, and pumps of the 
Spreiigtd type, in which the mercury falling in drops down a 
cai>illary tuK* carries the gas with it, e.vjKdling it at llie lower 
end. 

Tlie lift-ptnnp fimls im origin in the discovery of the principle 
of the haroinetcr hy Torricelli in l64J;b In its earliest form a 
funnel, closed by a glass plate, was tilled with mercury and 
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inverted so that the mercury ran into a basin, leavin*^ the funml 
vacuous. Later, a gloW connected with a two-way steel stop- 
cock at the top, and below with a fall-tube bent on itself, and 
terminating in a funnel, was employed. The globe was filled 
with mercury through the funnel: the sto|)cock was turned so 
as to exj>el the air and then closeil. The inen iiry was then 
allowed to run out at a tap at the lK)tUHu of the fall-tube, and so 
produce a vaeuuin in the gloU^; the two-way tap was then 
turneil so as to- place it in communication with the vessel to 
be exhausted. These ojxnutions were rcpcateil till the limit of 
exhaustion was reached. 

The first important impn»Vi*ment in the inslrunicnt i*onsisted 
in replacing the U-tube, taj>, and funnel by a flexible limb and 
reservoir, and finally, by a rubber tube and 
reser\i»ir. Subse<|uenlly the steid two-way 
stopcock was replaced by one nf glass, sealed 
tiireclly to the pump-cbamlMU* (Fig. 1 ). 

From tbi‘ time of its iiiiroduction tip 
to the iiiidillo of tlio present eeiiturv. tlic 
nicrcnry - pump held alternately with the 
niecbanit al air-pump, as tin* result of succes- 
sivtf iuipnA*cments in one or the otlu r, the 
position of Udng the brsl in«‘an> of producing 
a vaeuuiu. Tin* lift-j»uinp. with tlic simple 
t wo-way >topi <K*k, was incapable of iK*(M)iuing 
a very t-flii h^nt niar bine on account of tlifli- 
cultit> connected witli the ronstniclion of 
the tap. 

Since mercury doc.s not wet glass, its 
capillary action is lU'gative, ami it is neces- 
sary to exert prcs.sunj in order to force it 
into .small cavities. In consequence of this 
the mercury in its upward juussage through tin* stopcock does 
not remove the air containcfl in the iiTegulariti(*s which must 
necessarily exi.st about and l»eIow the hole liored in the jdug. 

In the Geis.sler pump (Fig. 2) an attempt was made, and 
with some considerable . succe.S3, to overctane this difliculty by 
means of an arrangement of Uiree taps attached to tlie pump- 
head. 

The plug of the tap was pierced in the form of a flattened 
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coiH‘, SO tluit the immp could lie placed in coinmuniciition either 
with tlui siilc-luhc eonnt^eted with the vessel under exhaustion^ 
nr with lh(j atiiio.sijhere. 

I luring tlu* early sta^^^es of 
exhaustion, the taps and 
( ^ reniainisl pernianently 
npen. When no nnm* air 
could hi*, moved l»y jimjde 
exhausti«»n, owiiii^ to tlie 
irrej/u lari ties which existed 
nlMMit the ]ihe„' <if the stop- 
cock /j, the taps /„ and f, 
were hrou^ht into action. 

Mercury was first allnwt‘d 
to run throu;^h the whole 
system (tf taps ; the upper 
one was then (‘l<»sed and the 
reservoir lowen'd till the 
mercury fell helow th** level 
<»f the lower stojK'ock. The 
air whieli had previously 
Ihhmi retaiiHMl alnmt the two 
lower stt»|)OCK:ks. now tilled 
the whole space alxive the mercury at much reiluced pressure. 
The reservoir was then raistnl so as to drive this air into the 
.space imnu»tliatcly helow the upper stopcwk. The middle stop- 
cock was then closed, and the (»j)eratioii reiK?atod. The whole of 
the puiiip-chamher was in this way so far freed from traces of 
air. as to render it possible to priHlnco a much higher vacuum 
than could otherwise have been attaineil to. 

This ingenious but clumsy apitanitus has now given place to 
puinjKs of simpler construction, in which stoix‘i>cks. the cause of 
the whole dilliculty, are entirely disj>ensed with. 

In order to attain maximum etlicieney the pump should be 
80 cmistriictiHl that the rising surfaci^ of the menmrv comes 
in contact with a continuous surface of glass only. Taps, or 
ground-glass junctions, must W avoidetl, as they are certain to 
lead to the retentiim of small quantities of air, and so render the 
proibietion of high vacua impossible. 

T1l£ Tuplt^r jumtjK — In many of the operations which will be 
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e cribctl later it is necessary, not only to remove a i|Hai«lily ot 
completely from a vessel, but also to eollwt llie gas without 
5 , and free from admixture with air. The T>*pler j>umj> 
(Figs. 3, 4) satisfies tlase eoialitioiis, ami po.xsi.Nses (lie adtlilional 
advantage of being simple in eonstriiction and ea.sily repaired 
when broken. For lulwnutory u<e the lollowing measurements 
have been luuml convenient, but the genenil dimen* 
sions mav, of course, Iv varied with regard to the 
work in view: the etliciency (*r the instrument 
will, however, ilepeinl ujum the aitenthm wliirh is 
paul to certain tldails in its eonstnuli«u». 

The piua)»- chamber A (Fi^. :») is maile of 
stout ulass, aiul slumhl be alnmt *J00 mm. lon^ 
and mm. in tliamcter: the eiuls, aiul ])ar- 
ticularly thr upiKU* emh should be lajiered ct»n- 
sitlerably to meet tubes of about l:> mm. in 
diiimeter. If the upper end i»f the pump-( hainber 
presents a surface aiiproaehiiijX tt) the horizontal 
to the menuiry as it rises tt) the pumj)-hea<l, lilms 
or even bul»lih‘S of air irnty he <*nirapped bidween 
the mercury ami the olass, and exhaustion will 
be .slow. The sid«‘-lube, which joins ilat vertical 
tubes at y and fl, should also be of about 13 
mm. diameter ; the internal anule lietwreii the two tulw^s at 
the upper junction sliouM, for the reascuis '^iven above, he very 
acute. The tul^e through wlm h the gas enters tie* pump, 
should Ixj much narrower than tlie side-tuU*, 4 mm. is a con- 
venient diameter ; if it is not made so the ga.s which cuiler.s the 
pump while the mercury is .still falling, may rnvry the whole of 
the mercurj’’ in the side-tulK? into the uj>per part of tlio pump, 
and cause a seriou.s fracture. If the juiinp is projH^rly con- 
structed, the gas will ri.se in bubbles Ix^twecui the mercury and 
the glass. 

The vertical tulni F at the top of the juniip-cliaiuher, should 
))e tapered to meet llie capillary tul>e (i, wliich sliould he Iwuit on 
itself in a continuous curre of al>oiit 3 cm. in dijirneter immediately 
above this point. The length of the caj>illary tube sliould ha 
about 800 min,, and its internal diameter should not much exceed 
1 nira. ; it should l>e turned up at its lower end so as to admit 
of collecting gases through the pump, The capillary tube may 
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«*aHily hi* replaced when hroken if a sudicieiit length of tube is 
l«‘ft alaivti tlic Janet i<»n at F. A piece of tulie, of the same 
diaiui'ter as the vertical lube of the pump, is fii’st f^ealed to a 
straij/hi piece of capillary tul>i» of suHiciei^ length. The tube is 
wuikcd in tie* ldowpip<» llaiiic till a perfe<*tly even iaperetl 
junciioii is oliiaincMl : it is then l>ciil, cut to the right length, 
and sealed to the pnnijj-head with the aid of a small blow- 
pipe. The idlieh iicy of ihi* pump will ilepend to a gi-eat extent 
on tin* care which i-^ e\|ML*iid**d on this part of it. 

The lower vertical tulu* should U? so lonir, alsmt HOo iiinL, 
that wh(*n lla*re is a vacuum in the pump and the mercury 
stands Im'Iow the level of the joint H. the lower einl of it lies 
helow the level of the iinucury in tin* reservoir, or air may 
slowly leak into the puinji through the juncticui with the rubber 
tube. The ruhher luhe slnaild not he longer 
than is necessary to alhAV of the reservoir Inuiig 
raised to the level of the jmmp-head, and its 
internal diainet«U’ should he nearly as large as 
that of the glass tuU* to which it is attached, 
so as \it allow of the free flow of the mereury. 

In order to obviate any chance tif the rubl*er 
tube bursting, it sliould be sewn into a siriji of 
leather or enclosed in a piece t»f hollow cotton 
lamp-wick. 

In order to prevent the mercury from ]>iissing 
into the inhc I ). containing penloxide of phos- 
phorus, when the reservoir is raisoil, the luhe t’ 
may be carried viutically njjWttrd.s lo a height of 
about !»00 mm. ami then l>eiit on itself. It is 
more convenient, however, to enipl<*y a ghiss 
\alve V as in the tigtire, and it is probable that 
the rate of e\liausti»»n of a piece of apparatus 
altachetl to the pump wcudd be considerably 
deereaseil by the interposition of the long glass 
lube. The valve sIiouM 1 h» groniid so that its 
upper surface fits sullieiently accuniioly into the 
inner surface i>f the tul>e ermUiiniug it to hinder 
the passage of the mercury : the angle In'tween 
tin* lwi» surfaces shouUl lie very ohtuse. or the valve may tend to 
iH*main closed after the meituiry has fallen. The top of the valve 
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^ould be on a level with the junction 1* (Fij». 4), »u that the 
mercury closes it before it reJiches the cnpillary tulw. 

The tube 1) containing the pentoxule t)f jihosphorus (see |». 
41) is usually conneqfed with a large two-way 8to|»e«M'k T, s«i 
that the pump may be used in connection with more tlmii one 
piece of appuratiis. 

The pump may be fixetl to a stout Isuird as in the figure. 
The block H i.s cut so that the Inittoni of the juitiip-ohnmlH-r rests 
on it, ami is kept in place ly means of u strip of bm-s-i ami a 
couple of screws. The fall-tu!ji jm-m's througii u hole in the 
bottom of the tniy ; a cork titling clost iy to the f'a!I-tul«' 
sen'cs to keep it tirmly in place, ami to prevent llic escape of 
mercury through t/ie h<‘le. The tmy siip]H>rts the li.isin into 
which the etui of the eapillury tultt* dips. The l>oard tti wliich 
Uie pump is attached may W screwetl the wall at a coint'iiietii 
height, or fixetl to a .stand. 

The reservoir may Ite placed in a hnicket, or .supportinl in a 
retort ring with a piece cut out of it to allow t)f the passage of 
the rubber lube. The ret«>rt ring may Ik* fixetl to uu iron red 
pa.ssing through holes in the tray and stand. A pulley and cord 
may Ikj found convenient in working large pumps. 

Mfthot! ’>/ irofh'iiuf t/u' T'ipltr pump. — The jmmp is first 
carefully cleaned with chromic ami sulphuric acids, washed with 
distilletl water ami alcohol, and drii-d. It is then set up on tlie 
stand, the tube C is sealed to the IuIk* 1>, containing pciilo.xide 
of phosphorus, ami the rublK-r tulw- and reservoir are attached. 
When sutheient men viry has I.Ms*n (Kiurcd into the reservoir ami 
trough the pump is ready for use. 

The reservoir is raised .so as to exitel alsmt two-thirds of tla* 
air in the pump-chamljcr through the capillary tube, and is then 
lowereih As the mercury falls the air in the tube containing tin* 
peutoxide forces its way through the mercury in the side-tula*, ami 
enters the pump. The ojMjration is then re|»ettt«.*il, but during the 
first few strokes the air should not be completely expelltMl from 
the pump-chamber. If this precaution is not taken the air will 
begiii to enter the side-tulje, while it still contains a long column 
of mercury ; it will not then break up into bubble.s, but will 
probably carry the whole of the mercury upwards against the 
junction F, causing a serious fracture. On no account should the 
tap T be opened while the mercury is falling in the pum]i- 
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cliamlier, or a mmilar accident luajr reault. In any caae the gas 
should only lie allowed to enter the pump slowly. A raind 
current of gas may impact the jientuxide of phosphorus into the 
end Ilf the tulx; contAining it, and render esubsequent exhaustion 
viTv slow. 

I luring the last stages of the prwess of exhaustion care must 
be taken that tlie mercury dla^8 not conie into violent contact 
with the top of the pump, or a fracture may result. The niercuiy 
may allow'ed to n.se ia]iidly to the junction F ; it may then 
lie checked either hy pinciiing the rubber lube or by lowering the 
ie<erviiir. With pnictii’e the a<‘liou liecomes automatic. 

When u pump is fiisl set up it .should lie allowed to remain 
exhausted for a sulVieient time for the complete absoriition of 
walt-r in the appamtus by tb*- |MMitoxide of pho.sphorus. 
Fiirlhi-r. since ga.se.« like caiiMUi dio.xuh' eondcn.se in eoiisiderablc 
ipi.uitily oil gljuis siirfam, the ma.\iniuia efficiency will not lx? 
reaeheil (ill (he pump has lit*cii filled with air. and c.xhausted 
two or threi* times. 

f/u' fjas dtlirii'nl J'rtna th- junnp. — (iascs removed 
from any vc.sscl by means of the pnmp may easily lie collected in 
a .state of absolute purity. A tuls- filled with mercury <p. 2b) 
is brought over the upturned end of the capillary tula*, and the 
gas is delivered directly into it. 

Ai'culfnis. — With oitUnary care, a Tbpler ]mmp may lie used 
for yi'ars without a serious accident. The capillary tube may bt* 
freiiuently replaced (p. lb), and so long as the crack does not 
(‘.x'tend into the T-joint any fracture about the upjier jiart of the 
pumji may he made goml with the aid of a small blowpijie. 
Sonietiuies a crack appears in the capillary tidv, and extends 
slowly along its etitire length. The craek may commence either 
at the top or at the iHittum of the tube : but as the crack dot*s 
((ot apiaiur to causr‘ a leak, the pump may often lie use<l for weeks 
in thi.s condition. The cau.se lies, in all probability, in the vibra- 
tion set lip in working the pump: in some pinnp.s capillary tubes 
may crack one after the other, in other?! no crack ever apiHiars. 

The tulie containing pentoxide of phosphorus must be replaced 
as soon ns the reagent becomes oxhausttsl. It is essential to the 
etlicieut working of the pump that all moisture shall bo com- 
pletely absorbed. 

In huger pumps the chamber is often made jiear-shajH'd for 
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convenience. This fom of pump (Fig. o) has not, however, any 
particular advantage over the cylindrical foriti. 

For the rapid production of high viania in large 
vessels, d'hen it is uiiiutcessary to c ollect ^ ^ 
the gases, a pump inventetl hy Mr. E U 
C Baly has been found to give very go<xl 
ix*8ults (Phil, S*plember 1 S94 ). The 
pump consists of thrive chamKi^ cnn- 
nected by moans of syphoijj^, which luivr *i 
small internal diameter. fho luU* e is 
eouneeted with a nst-rvuir, and tlu‘ tuU- 
h tlir«>ugli a long ^critcal glass luU* or 
a valve h* the apj*;iratu.s uiulrr e\hati- 
tiotu Thv tap 1 is rnnja‘f‘tr(i witli a 
water wiu^ h is kepi running tluiiiixr 
the whr>le exhaujvtnat. 

After prelniiinarv «Ahaustioti by means of ihu water* 
pump, the mercury is ransetl to rise in the pump till it 
tfuws into C : the meirurv is then allowed to fall. The 
vessel (* now contains air at the prcssun* of water vap<mr 
at the lenij^^rature of tla* water in the lannp, B (‘tiiilnins a 
Torricellian vacaium. A eomaiiis at low pressure. AVlaui the 
mercury again rises it drives th«» gas from the janiip-tdiambei into 
the chamlH.u* 1», and in order to prevent any <}uantily id ga.s fn)!!! 
accumulating in I>, the mercury is n«»w and then allowed to rise 
so far a» to till the chainWr. This, however, is i»iily neccssiirv 
*luriiig the early stages of the exhaustion. 1’he U])per rhamler 
of the puinp may Ix'* constriuaed like a Topler puini> in onhu' to 
collect the gas delivered through it. 

Short* tut! form of Jift-pnmp, — If the piimi>-ehuinl»er is large 
the work of lifting the reservoir will be coirsiderable, even if tin* 
apparatus is fitted with a winch and cord. Tlie following metljoil 
has Ixjen worked with success, and ohviate.s nil labour in using 
the pump. 

The pump and reservoir are fixed ixjnnanently in position, .s<i 
that when the pressure is the same in each the mercury in tin* 
jmnip stands at alxait 1 0 cm. lielow the point of entry of the side 
tube. Tlie connection between the two may b«s of glass. 

Tlie o|)ening in the top of tlie re.servoir is closed by a rnhlKU* 
stopper through which pusses one limb of a two-way stopccKik. 
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liy means of the stopcock the interior of the chamber maj be 
placed in comninnication with a water-pamp or with the atmo- 
sphere; by turning the stopcock 
ulteniately one way and the other 
the mercury is caused to rise and fall 
in tlu* imiup-chamber. The apparatus 
must, of cmirse, \)o partially exhausted 
by means a Fleuss or water-pump 
lielbn* the automatic urraiigetiiciit can 
hit siarte*!. 

This apparatus (an bo iiiadt' to 
Work ahs^iluUdy automatically by 
fiK^aiiH •)!* a device desiiriunl by Mr K, 

<■. <\ Italy. The laji o which is in 
ciunmiinuaiiHii with the mercury 
n*servoir h, with a wat(*r-ptimp, and 
with lh(^ atmosphere, c an U‘ 
tunuMl ihrou^li an ant^le of 

by nieaii'< of the mechanical arrangement shown 
in tin* figure. The l♦eam cv/ rotates about the point c, 
and caiTi(*‘< at lh(‘ end c a weight, and at </ a cup wdiich 
ean he lilliMl with water by unmans of a flexible tube 
attached t(» it. or emptied hy means of the sy[»hon /. 
The rale at which the reservoir fills is regulated by 
the lime leipnied fur the mercury to rise and fall in 
the pump. When the cup is empty the end d of the 
beam ri.^^es and places the mercury reservoir b in con- 
neciioii with the water-pump: the mercury then falls 
in lilt* inorcurv-piunp. In the meanw'hile the cup is 
tilling with water, ami when its weight l»ecoines greater 
than that of the ctmiiterpuse at r, it falls, turning the 
tap u. so as to admit air iuU> the mercury ivservoir b. 
Hie syphon /' is so regulated that at the moment that 
the ineixniry has completely exi^dleil the air from the 
juinqi-chamlier it empties the cup. The tap a is then 
again automatically turiuHl, and the i>nx?ess reiK'uts 
itself, 

77»c Spmufd ptimp. — Meivury-pumps of the type 
introduced hy Hermann Sprengel in IStJo are still 
extensively employed hy mniuifaeturers of gkwv- lamps and for 
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other purposes, lu its siiupli^st form the meivury falln in 
down a capillary tube, carrying with it air from a nide-tuU' which 

is sealed to the vessel under exhaus- 
JSL ^ ^h>n <Fig. S). This puiup was em- 

Crmm K|V ployeit by (truhaia in Itis reseandies 

tliffusiiui of gases. 

^ ' I Tlie main ilitlieulty to Ih» 

(Til I tendt'd with in workinur the pump 

I I I hn’nMes ot air earriod 

II II ^ dvAV!' hy nifretir\ tmm thr fuimol. 

ill II This was only partially ♦‘trtvnir hy 

# 11 ch»‘ iiitr*Hhietio!i of an in\ri trd pluin 

S U‘t\vo« n the funiu l and t»ump-h»*atl 

only. An arrangtMiunl mln»dincd 
by tisinuiul in 1S7 1 in whirli the 
mercury entered ibe first limb of tfie 
< syphon ihrongh a long narr«»\v lube 

; , leading nearly to the bouom of if 

Sy in a di^timt improvement, and air 

U traps tFig. 0, H, ('» placetl in tlie 

^ Q astemling limb of the syphon are 

w W very effeeiive, but none lhes4‘ 

metleKls are cpiito satisfiu torv. 

^ The solution of the ililth ultv lias 

A D 

„ Uifn found in tlio intriMluction of .tn 

exhiiUKted jrlolie Ix-twcfn ilu* reservoir 
and pump-head « Fig. f‘. H). The mercury pitsses from the re.wrvoir 
to the top of the exhausted glol»e through an inverted syphon, and 
enters the globe through a jet, whie)> is .slightly 
bent to one side. The stream of ineremy jp^ 

impinges against the side of the globe, and la 
falls in small drops into the first limb of 
the second inverted syphon, which carries it 
to the pump- head. The globe may be ex- 
hausted by means of a second puin}>, and 
permanently sealed, and after working for 
months only a minute quantity of air will 
have accumulated in it. This addition renders it jiossiblo to 
attain a higher degree of exhaustion than hy any other means, 

27i^ pumjt-hmtl . — In the earlier forms of Sprmjgel pump the 
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8iile-tube w(i8 set into the vertical fall-tube at an angle slightly 
inrlinecl upwards. Uiter the introduction of the syphon led 
to phiciiig the tuU* near the top of the fall -tube. Either of 
the foriuH shown in Figure 10 answer satisfactorily. 

A iiHUTury injector has been used in connection with single- 
fall Sjtreiigel jnunps, hut the results are not l)etter than those 
(ihuiiietl by means of the simpler form. 

Tfi jirtjveiit the relnrii of ihe giis which is carried by the 
meivury down the fall-lul)e, ami which during the 
last stages of tlie exhaustion is too minute in 
<|uantity to form huhMcs, Mccs ""KSTo) intrmiueed a 
l»<»iid ill tlu‘ fall-tuli«* < Fig. 1 1) just Indow the |ioint 
at which the column of mcn*ury lH5*om«.‘S continuous. 

Tlio gain is not, liowovcr, as great as might he exjMX-ted, 
and the liability lo hn*akage is many times increased. 

Tint length of the fall-tube should alwuit 900 
mm., and it sliotdd have an internal dianaler (»f a)»<iUt 
1 r» Him. : the hiwtu- en<i may l»e bent upward in t*rder to allow 
of ga.si's being eolleeleih 

Th* — Sjirengel pumps with more 

than one fall-lulw* have been, and still are» largely used. A 
.siin|»le form witli live falblubes i.s sluuvn in Fig. 1- A. The 
iiiereiiry from the reservoir is brought to the pump-head by an 
aiTaiigemeni of tubes .similar to that already <lescTibed, and falls 
into the capillary tube from jets in the tul>e ri. The capillaiy 
tnUvs need not W sealed to the jiump-head. but may la* joined to 
It. as in Fig. lli 11. by rubU'r Iu1h‘s protected by mercury cu]»s. 
It is iiiip«U'tant that the jet shouhl lie dirtvlly over the top of the 
tapillary. 

(Jimmiiiglmm s j»ump has seven fall-tubes which are sealed 
ilireclly to the pump-head (/Vtx\ //m/. iV. 18TG; J, C/tcf/K Jiuiujtt, 

18 «.n. 

A shortmied form of Spn*ngid pump (Fig. 18) was first intro- 
du(*ed by Xicol. The mercury falls from jets in the tuln? a, as in 
Fig. 12, into the capillary Iu1k*s, which are short and pass into a 
ve.s.sel h connected with a water-pump and with a wide fall-tulx? 
of such ft length that the mercury rises to a sutlicient height iu 
the vessel h to eovt*r the low^r ends of the capillary tuU*s. The 
gas removiMl by the Spivngel pump is delivereil into the water- 
pump vacuum in k 





1 


cuAr. n 


MERCURV-PUMPS 


»5 

One of the chief ditiiculties in the practical working of the 
Spvengel ]>niup lies in the formation of mcrcnrous oxide in the 
fail-lulte at the jicant 
where the falling drops 
of inercnry strike the ^ 
top of the permanent 
folniiin. This is only 
found to hapiien when 
the gas in the pump is 
air or oxygen, and is 
due to the formation 
of ozone and nitrogen 
oxidfS hy the el«ctrifie<l 
mercury. Where only 
a iiKHlerale vacuum is required it will Im> found that 
the introductum of a few «lrop.s ftf sulphuric achl into 
the jiump facilitates its action ; in ihLs case, however, 
the diameter of the fall-tuls' should Ije somewhat larger. 

Priliiiiiiuinf f.rhuvution of ajipumti'n.— .Nfueh time and laltour 
may In- .saved hy employing a Fleuss oil-pump or a water-pum[) 
for the j*reliininary exhaustion of pieces of ap^siratus. The douhle- 
cylindcr Fleuss pump, when in g<M)<l working onler, will give a 
vacuum such ns i.s required for the jirotluction of the X rays. A 
water-pump working with a head of water of thirty-five feet will 
niluce the pressure to the vapour pressinx' of the water passing 
through it. A gootl vvater-jaunji can only U* obtained hy testing 
a mimbt>r of them against a mercury gang** ami .select ing the l*est. 

Mdliinh of puri/i/iuif wo m/ry. - After Iviiig in use for a long 
time mercurj' is sure to beciune contaminateil with small quanti- 
ties of lend, copper, zinc, or other metals with which it may come 
in contact. Copper is usually introduceti when copper wire i.s 
useil in securing rubber connections, small clippings of copjier 
dropjied accidentally on the table coming in contact with mercury ; 
zinc anti haul are usually pnwnt in ctuumercial mercury. t>everal 
mctluHLs for the distillation <»f mercury have Ihvii describetl, but 
the process itself is ineHicient in separating the volatile zinc. 

Mercury which is not very impure may lie easily purified by 
the following method. The dry mercury i.s poured into a tuln.' as 
in Fig. 14, which should be about ’> cm. in diameter. alKint 80 enu 
hmg, and which is inclined at a slight angle by nutans of blocks. 
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A gentle current of air isi intule to How, l*y iiu-ans ol ti wiiler 
pump, over the surface of the mercury for about iweniy-luur 

hours. The impinlieH 
are ijuickly o\i<li^' *1, amt 
the pure luenut iit.iy 
l<e filteri*<l oil'. 

Ity allowing iikm ury 
to fall in a fine stream through a 5 ptir eont solution of nitric 
acid in a verticui tube, as in Fig. la. it may Im «juiikly freisl 
liom im^ities. The pure mercury fiows out thnuigli the 
capillaty tube at {the lower end, quite dry and pnuni> 
cally pare. The Aeid should not be idlowed to stand 
in the tube nAien not in pse, as it will form a crust of 
iBte nitrate in pontact with the residual mercury. The 
impure npavcqry can be fed in at the top thnnigb a 
funind diaimrb^ to j fitie potut. 

When meitmty » very impure it may be easily 
purified In the foUowii^j, maimer, the mercury is 
placed in a stout filtering tlask (Fig. IG) beneutli a 
t* per cent solution of nitric acid. .V glass tulie 
passes through the cork n^riy to the l>utiom of the 
^k, and a current of air i.s caused to imuk through the 
liquid by connecting the side-tube of tla? Ilimk witJi ii 
Water-pump. The liquids are subaa<]uently .siqairatcd by .i tap 
funnel, the dilution of inenMirous nitrate Wing relurm-d to the 
flask for further u.sc. 

C7'<//»irtg Oft/Hirufi'x ichifh /mx innhinul 
.nt'rt’tin / — WImii glass api'.imtus which ha-* eon. 
t.^ined mercury has Ih*<-ii in ns*: for s«»ine time 
it L.H liable t<» ls;c(»nii[: cfsiied on the iii'i<le 
with conqfounds of mercury. If tlic gas 
which has li«*en allowed to enter llie appaintus 
Ikm at any time conlained sulphur cutii|M>unds 
or trace.s of tlie halogens, the coating i.s sure 
to con.si.st partly of sulphide or hnlidi‘3 of 
mercury, which arc almost impossible to 
remove by means of ordinary reHgent.s. 'llie 
following metIuKi ha.s liocn found very clHcicnt 
in cleaning apparatus which has ixicumc very <lirt.y through long 
use. Zinc dust is made into a thin ])astc with water, and 
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till* lii{iiii.i is i>iiiirod iiiln tlu> HpparutuK. which is shaken so that 
lilt' sidi-s hcct'iiK* Well coverwl with the zinc. Dilute hydro- 
chloric acid is then added, and the a]t|)arattiH is a^ain well shaken 
ainl liimlly \\ii.>.lied mil with water. The* insrduhle mercurous 
coiuiiounds are now reduced to metallic mercury whicli can be 
ictiiovisl with a little strong nitric acid. 
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«f (»>iinectiug ra«Ul and gbta* tnbei — ^tuproi'kii ~T)tr«v-«ra5 

BEAtKI>-('tl.AS.s JUXCTIOXS.- -It is ofU'ii coiivonii'iit, luid soiiu'liim's 
absolutely uecessaiy. to connect jiieccs of glass apimnitits by scal- 
ing the leading tulies in situ in the lilowpijx* Hamc. If the tiibc'. 
are of not more than one centimetre in diiuuetcr, the oj.cnui*-n j« 
an eivsy one, and may W carriwl out in the f«»llowiiiy nmnn<-r. 

The tubes are boutghl together so tlmt tlo- cilgc^ cxactlv 
coincide, and a piece of nibUT tuU- is connecicl witli a >iile-tnl«- 
or RteiK'ock leading to the interior of tin- apparatiiv. all tlc» otlo ! 
f»pcning.s art* closetl. tslges uf tin- luU. arc lira carcfiillv 

jM*ated in the innunotis lUnie, .uid when tlioronglily atineabsl the 
gas is turned down that wh--n the blast i-* niriied >>n only .1 
short section of the luls- is hcate'L The junction must now }«■ 
rapidly hentai on jill side-* and the edges pressisl together so a^ 
to leave no ga{» ; if this is im|>ossible, or if the gloss shrinks biwk 
so far as to leave a gap, the junction may lie annpletwl by mean.'- 
of a thin rod of the same kind of ghiRS and a verj’ fine blowpijH- 
itame. The junction should next be strongly heated so that the 
glass melts, the tnl>e shrinks to about one-half of its original 
diameter, and is then blown out agtiiii by means of the mbln'r IuIm- 
attached to the apparatus. This o]»eFation is repeated till all 
trace of a line of union disappears. Hie junction is then again 
carefully annealed in tlie blowpii)e flame. 

It is essential that the two glass tulnis should la; of the same 
kind of glass or, though it may be possible to seal them together, 
they will afterwards come apart. Further, it is sometimes im- 
possible to manipulate old glass in the blowpipe flame, as it 
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duvilrilii’s, Im*('<>iiu‘h ••lyntulliiie, and doen not Traces of dirt, 

and |«ii liculurly of jMfutoxide of phosjihorus, render it inipr>ssible 
to uiake a jf'oud joint, so that tlie tubes should always be washed 
out and drit‘d before an atteinjit is made t^ seal them toj^ther. 
Tubes which have contained mercury apjiear to be soniewltat 
diilicult to nianipulaU;, though the cause is not apparent 

In sealing capillary tulies together the ends should Ije blown 
into bulbs, and a very small flame should be used. 

If the total capacity* of the apparatus is huge, great care must 
be taken in blowing out the junction, and a wi^ rubber tube 
should he used. Since the pressure required to expand a bubble 
varies inversely as its diameter, the pressure required to expend 
the melted tube decreases as its diameter gets greater. Conse- 
([uently, though it may be at first difficult to blow out the tube 
which has liccn meltetl <lowii in the blowpipe flame, when once 
>tarU‘d, the pressure in the ap]mrutus may be sufficient to expand 
it into a ladl*, uuIcks the sule-tulic is of sufficient cross-section to 
allow of its being quickly released. t)u the other hand, in seal- 
ing together small pieces of appamtu.s it is unnecc.s8ary to employ 
a sid<.‘-tulM* at all. Tlie eilgcs of the tul)c8 are well heated and 
jire.ssfd togetlier, and the junction is melted in the hlowpijte flame. 
The increase of jiressure in the apparatus is 'infficieitt to ex|>and 
the glass, hut it requires .some practice to cany the ojtt'ratiou out 
etlectivelv. 

T»i of apparatus ai a (li>iance, a piece of ^»lass 

tnU* is cut to the exact leiigtli. aiui eoiinecleil witli one of the 
lea<lin^' tiil»es by a piece of nil»l»er tuln* a)>out 2 cm. loiip. The 
tuhf* is then liehl in jiosition in a clamp, while the fm* eil^a^s an* 
sealed, and when this is done, the riiblHT rulie is removetl and 
the second junction is made. If tin* tultes to l»e Mealed {» sifu 
are of different diameter the larj^er IuIh» must U' heate^l. dniwu 
out to a lonjT lajH»r, and cut at tlie riijht point This caniua lx* 
done in the cusi? of lulnss which differ very greatly in diameter. 

India-rubber connectionii. — In certain crises whei^ it is im- 
possible to seal the tuU»s together. rublK*r connecting tulx^s may 
be employed, and, if prtijxu* pri'cnutions art* taken, there is no 
objection to their use. To etuiueel tuWs up t<» 4 nun. in 
diameter, thick -walled rublx'f tubes of ahoni 2 mm. internal 
diameter and 6 inni. external diameter should IxMised. The ends 
of the glass tulx^s should Ix^ rouiukd in the hlowpi[H> ilanie and 
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tVnveil into a pietv o( ihe ruMna* tuln* about .*» cm. lon^ till they 
meet A fshufle turn of eop|»er wire ralht‘r U\Sj 4 than I iiuu. 
in thickness is hi*ou|^ht round each eiul of the rul)ber luk*. ami 
is twi-sted tight by nmns of a jniir of |>im*ers. 

To rentier the junction inoix‘ stvure a little lap gimst^ (p. -*l ^ 
may In* run in between the rublHjr and I lie glass by means of a 
heated iron sj>atulu. It is not atlvisable tt» lu*at the ends of the 
gla.ss tiifvs before forcing them intti the rubber tube; the 
junction is not mnlered much more secure aiui the interior of 
the apjmmtus is filled with the vapour of the iltvom{»osed rublHU. 
The junction may l>e enclosed in men-nry in order to render it 
more tlioroiighly air-tight (p. 70). it is. luovover, questionable 
whether or not gases can pass Uawefii ilu* surfaces of the 



mercury ami of glass in contact. Pstlh rrcH>ke.s and Miu ley stat<* 
that in onler to render a nibU-r junction, which leaks slowly in 
contact with air, iR*rfectIy air-tight, it should Im* protected by 
mercury, and the surface of the mercury should ]»e covered by a 
layer of sulphuric acid. 

To connect pieces of quill tube to tubes of larger diameter 
the following metlusl luia been found convenient (/Vac. J{, S. 
60 , 442). The larger tulie (Fig. 17), which may be of hard or 
soft glass, is drawn to a neck at A ; a j)iec4j of thick-walled 
rubber tube is passeil over the end of the suiall tulw?, which is 
then forced into the neck of tlie large tula;. The sjxice al)ove 
the junction may lie filled with mercury or other liquid. This 
fiirra of connection pf>s.ses«e8 the advantage that only a very 
.small area of the rubber is ex{KiS(Ml to the a(:;tion of gases inside 
the apparatus. 

(/rou7id-(//<m jnncihm.-^- \( it is iieces.sary to take a piece of 
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npparatuH apart froijUfiitly, it in coiiveiiient to make the con- 
iiectioim hy moans of ^rou ml -glass junctions. 

The usual form of ground -ghiss junctions are shown in 
Kig. 18; tlioy may he of any 
(liameti*r, lait the typ<; H is more 
applicuhle io larger IuIh^h if the 
appaimtus is to hold a vacuum. 

The connection c*onsi>lfi of a plug 
and socket carefully ground to 
tit one another. In A the tulsis 
are of the same iliamcter. In 
the socket is turned out to 
form a cup. \vhh*h can l»e filled 
with men*urv or other li<piitl to 
guard against leakage? ; the liquid 
can la* rem<»ved liy means of a 
pipette, made like a small wash- A C B D 
liotlle. iH'fore the tuls's are dis- 

(NMinected. The ty{>c‘ (’ wjis employed by Morley sp. l’»0 to 
(umiu’ct his deiisity-liulhs to the a[>paratus for tilling tliem. The 
plug was Si*aled to the Imlh, and the small project- 
ing tuln* prevented any of the lubricant, which 
was useil to make the joint tight, from Wing carried 
down inside the tulH». It is practically im|K)Ssible 
to make a jum*tion la-lwcen capillary tuWs without 
blowing a small hulb to ivccive the iHiiut of the 
ping, as in Kig. 18, I), (Jround-ghiss junctions of 
tile form shown in Kig, 1 9 are sometimes employed; 
they are. Imwever. somewhat ditlicult to make. 

India -nfhbtr vnut/d, or marine glue, can In? 
u.sed to make very eflicient junctions. Tlie 
cement should U? heated in aitn by a small gas 
jet. 

jnurtions. — Tnlx*s of lead or steel, or 
long spirally wound glass tulx^s. may U* used os 
Ilexible juuctiuiis. Kino steid tubes, such as are 
iistsl hy surgical instrument makers, an* the most 
convenient, and will stand vt*ry high pressure.^. 

Con ntrf ions hiurai mda! and tflass. — I'lie ditticulty of joining 
metal to glass lies in the grnit difference Wtween the thermal 
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expansions of the two substances. Metal ami glass iul»es iiiny 1 h* 
connected by means of elastic eenieiit, the metal bt'ing furnished 
with a socket into which the glass tube fits. 

A fusible alloy \Kaw8ou, ikfe. ('Am. ImL, 1800, 151) which 
has the same coefficient of expansion as glow has lieen usmI. but 
the junctions are not of a very satisfactoiy nature, and are only 
gas-tight when covered with a layer of cen>ent. The coini»Msition 
of the alloy is as follows ; — 

Bismuth . -10 ctfut Antiiuoiiy . 1«J |H'f t'etil 

Lead . 25 «« fiKimium . .10 „ 

Mercury .15 |«i‘r tviil 

The most satisfactory inethtni of coiinccliiu^ iilnss luul uivtn\ 
app^'imtus is the one fii-st ustKl l»y rallemlar. Tht‘ !n**tal lulu* 

( Kii*. a nain*\v jiLiti- 

tiuia tuiK% which is in tiun Si'altMl 
U> the i‘ml of a jjlass tal«* {\k 
The jdalimini tube may U* .Mnlnl 
(fmwn, or may maJe fnmi a pirn* o| platinum foil ioIKmI on 
a wire ami .sohh're*! aloui; th»* e«hje with pure ^oM, 

Katumerliiigh Oniu%' i’lnplovji a slof*l (‘ap to ctauief t fine steel 
tuU?s to tlie capil- 
lary glass lubt?s of 
his high - pressure 
inauonieter. The 
steel tube is soklere<l 
through the cap, ami jifisses well within the glass tuU*. 'fhe joint 
is made with marint^ solder is protected from 

the action of meixmry which may enter tlje appamtiiH (p. 1 h:l). 

A^ojtcock^s . — Modem inethmls for the manipulati<in of gases 
usually involve the use of apjmratus, of whieh ghiss stofieocks 
form an important part. 

If a 8U>pcock is properly constructed and lubricated with a 
suitable grease there is no danger of leakage, even when the 
differences of pressure inside and outside the apimratus is con- 
siderable ; imleed, it should be jiossible for a piece of apimratus 
connected with several stopcocks to remain exhausted for weeks 
at a time, (/lass stopcocks cannot, however, be expecttjd to 
resist any considerable internal pressure. 

Tlie simple glass stoficock in which the leads consist of 
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iwti of )rlu.ss lulte of :i t<i 4 miii. liianieter is tuu well 

known to miuii-e ilescriptiuii. If well made it may lie used 
with sufety, Imt it is usually found that in grinding in the plt^ 
u ring is funned at the level of the openiiigs in the burdi, uid 
leakage may occur from one aide to the other. Tape in which 
the luatling tubes are of narrow bore, 1 mm. at the rooal, 
are more to be ntcummended as less liable to leakage in this 



aiul aiv mure largidy U'»t*d in the cuiistructioii of gas 
apparatus. 

In order to eliminate danger from leakage round the plug, 
^tuJl<••u•kH are now made in which the leading tubes enter the 
tiariel at points which are not exactly opjMwite to one another 
< I'i'.'. ‘il-M. 'flic plug is. of eours«*. l>or< il diagonally to coincide 



with those openings. The.st« .stopewks aix* to Ih> recoiumeuded 
for uecurati' work. 

TVim-in/i/ sto}>ci>ck« are of two kinds : thtwas in which the three 
lending tubes lie in the same plane and at right angles to one 
another, and in which the plug is pierced in the form of a T: 
and those in which the' lidding tulies lie in the plane which 
I'ontains the axis of the imrrel, and in which the plug is pierced 
by two diagonal holes (Fig. 23). 
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Stopcocks of the fil-st kiml an? uut to W iwomiuciuled, Init 
they posseBS the advantage that the three leading liiU*a ean U* 
placed in coiuinunieation at the same time. The see(»nd form of 
tap, which was first puule hy (iiviner and IVieilrit ks. is mnv \n 
general nse. The holes in the plug, whirh shouhl alMnii I :• 

cm. in diameter, should he at 
light angles to one am»thi*r. 

A third f »rm «»f three- way 

<lojH.‘ock i< M»lnefime,s t*in|'h»}«d 

Fig. 1'4\ It is net. )h‘\\e\el. 

1m* rci **mme‘nded 

are s.ina*- 

times u.<ed, and ha\t* het‘n found 
to work in a verv sjitl.-'fat torv 
nmniier. Since, hn\\t*ver. a twi>- 
way and a single >to|»cf»ck ean 1m* 
used for the same purpose, nothing 
is to U* gained hy their use. 

Stojic<»c‘ks of sti‘el or of )»laii- 
mim have l»een used in i i>nnt‘clioii 
with glass appjiratus. The '-tojic^x-ks are <‘onstrucl<*il with sockets 
into whh’h the ends f»f the glass tnhes are eemented (|». L'LM. 

It may lie noted tlial the efhi iemy of a siopeoek dues not 
necessarily de|»end ujion its >i/.e Itwi rather on the shape t»f the 
jdu’g. I/>ng and narrow plugs cannot he acc urately grouml |o 
fit the barrel, but are liable to fit badly at the entl>. If the plug 
of a stopcock is *» cm. long, it should he at lea.st I ."i cm. in 
diamet^-. 

Stopcocks wliicli are only in use for a sh(»rt lime may he 
lubricated with tallow or otlier grease, but if it is neces.sary itr 
enijdoy them over a considerable jieriod without relul»rication 
they are liable to become jammed owing to the grease? wcukiiig 
out at the ends. A very etticient lu]>ricant, which does not 
deteriorate on keeping, and whic h, owing to its viscous nature, dc»eH 
not work out at the end.s of the i>lug, and which possesses the 
additional advantage that, it gives off im hydrcK^arlKui vapour, may 
be made in the following manner. 

Two parts of soft rubljer clippings, one part of vaseline, and 
one-eighth part of hard paraffin wax are heated together in a luisin 
on a sand-bath. The mixture is thoroughly stirred till the nildx'r 
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iH couipltittily (lissolvud, and then allowed to cool. The product 
ahould lie a aoft, black, and soiiiewliat sticky substance ; it should 
l«r entirely without odour. The lubricant should lie kept in a 
eliised wide-uioiitlu^d Inittle. , 

In lubricating a Hto{x:<x:k the plug and barrel should be 
thoroughly cleaneil, and a little of the grease rubWd over the plug 
with the finger. .M'tcr the plug has lieeii turned in the barrel 
SfV(>ral tiiiu'H the tap should u]){H;ar perfectly tmnsparent and 
free from stn'aks. 

Tl»* use of a rubla-r lubricant is of courw- restricted to 
<‘X|ii-iiiiu*nts w'bicb do ^ ^ 

not involve the use of '' i i ' 

rorrosi VO gases or li<|uids. 

In the latter ease it is 

better to employ nicla- 

phosphorie acid .xs a !r~ 

lubrieaiiL The sto|K.‘ock 

is very carefully cleaned, 

and the tlry plug is -*1 

dipped into lauitoxide 

of phosphorus. Onex- I 

|Ktsurc to air, water is J IL 

:ib.sorbed and metaphos* ^ 

phoric acid is pnMiuceil. ^ 

Since metapho.s- H>.. 

phoric acid is not a very eflicient lubricant it is sometimes 
neces.sary to take additional precautions against leakage by 
protecting the ends of the plug by mercury cups. The form of 
tap usually employed is shown in Fig. *J.'i. 

\ii ingenious niethiHl ha.s been employed by l>r. Morley in 
order to temiMirarily dost' glass vessels without iwing a stojKock. 

The glass tula* is drawn out as in Fig. 

— — " — v_/ — 2t>, and a small bulb is blown at the 

.side close to the narrow jxrrtion. A 
stii.dl (luanlity of fusible tuetid is plaeed in this btdb, and in 
ortler to elosi* the apjairatus this is melted by gently warming 
and allowed to flow into the narmw |iortiou of the tulie, where 
it .solidities. 
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ami im»niuy-tr%Ki>fl*'* TMlk.-ting ija.st'.'* iKiiveml l»y tht* »ueriury-j*um|' 
Tht* syjiKun avA St4‘riu>: am! 

<iurint' chi'inUvil ivartinii**. 

The niellwnl of removii»'j; » •**»->* ff‘ni uny of npiiaralus l»y 
means of the mereury-pump has ahvjitly Wn referred ti». Wlx'ii 
a Topler or Sjprengel pump is employed the {.ms can 1 h* oollerted 
without loss or risk of coiiUimiuation in a tul>o. previiuisly tilled 
with mercury, and inverted in the trough over the upturned end 
of the capillai7 delivery lulie »>f the pump (p. 9). 

(rns-tnbea and —The lulajs which are used 

for collecting ami storing giisws may l«e of any size, hut the 
dimensions are limital hv the internal iliameter of the 
mercury-troughs in use, and hy the lengths 
of the syphons on the pieces of apparatus 
into which the g;ts is to he transferred, a 
length of 1 2 eras, and iliaraetcr of about 
2'o cms., giving a working capacity of 50 
J cubic centimetres, will lie found convenient. 

Ij The tubes should Ik; contracted at their 
Fio. 27. figufR. »o that they 

can stand in small porcelain crucibles, or 
may lie closed by the finger. 

In order to economise mercury it is convenient 
to use a trough of the form shown in Fig. 28. 

The trough should lie alxiut 1 0 cm. wide at the top, 
but the lower portion need only lie about 7 mm. 
wider than the gas-tube.s in use ; a little extra space is, however, 
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mow cotiveiiu^iiL These troughs are somewhat ditficult to 
uhtaiu, hilt they may easily he made by cementing the top of 
a wide-mouthed ImUIIc on to a gas jar as in the figure.* 

I’he j^as-tuhes may l*e filled with. ineKmrj' so as to leave the 
j»lass free from uir-hu!»hles in the following manner. A piece of 
gla'^s tube, of alMiut !*.*» mm. internal <liariieUM% is lient into a 
sy|»hon of which the shorter limh, which is Komewhai hmger than 
ihe gas-iuhe, is ilrawi^ to a |Miinl. The short limh of tlie syphon 
is passed into the tula?, wliic h is pressed mouth downwardsdielow 
lilt* siirfiifu? of the mercury in the trough. When all the air has 
rscajied from thr tnlx* it is allowed to ri.s^% and the syphon, which* 




is still held helow the surface of the incrcuiy, is reimweil from 
iHUieath it. 

A gas- tube containing gas or mercury may ho tmnsferretl 
from one trough to another hy merely closing it with the finger 
< Fig. iMi): the following inethotl is. however, preferable. A 
]M>rcelain crueibh*, about 2 cm. in diameter, is brought below 
the mouth of the iu1h» whii h may then \ye lifteil from the trough 
{ Fig. .’lO). Samples <»f gas may l)e ]>reserved over mercury in this 
way for any length of time, the tubes standing in a rack made 
by screwing strips of brass to a l>oard at the luick of a shelf, and 
landing them «o that they lightly grip the tul)e. 

‘ Ti> cut ajiottlc or large < yliiiiler of glaas a piece of maobincH'Ut ivii^er is first 
wra]»|te4l rouml the gUsa. and a eirctilar cut is made with a tile or glass-kuifo along 
its wlge. Two stri|>*i of wet fohle<l tiUer |mper are then i^ass^Hl round the cylinder, one 
on caeli side of the rut, and a fine hlowpi|ie flame is directeii on to the glass between 
them while the cylinder is shnvly^rotated. A piece of iron win* 5 mm. in thicktieas, 
Isjiit into a seniicircle of the same diameter as the cylinder, if heaUai and applied to 
the glass will cause it to crack along the line of a tile-mark. The rough eilges of 
the glass may aubac<|uently bo renioveil by means of a file. 
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The sifphon fn/tette (Fig. -'Jl) is usually fni|tlMytsl for ivinoviag 
the gas frotii a tutu-, 'flu* l»o«ly of tho iii.stnuiK'iit iiiny Ih* of any 
size, ami may bo gituUmted for the mea-surement of volume. The 
syphou shouUl lie of millimetre Isire tuU; of uniform iliameter. 



The reservoir should lie connected with the piiiette by meaiiH 
of a piece of rublier i>res.9ure tiilie, and the joints should be 
wired. The appanitns is u-siially held in a clamp, and the 
mercury-trough Is adjusted to a convenient height on blocks of 
wood. 
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Thi*. appanitus ia tirat filled with nienjury, and the reservoir 
is lowered and raised a<»ain two or three times to jjet rid of air- 
hiihhles. The lulio roiitaining the 
f^as is tlH‘n hroa^lit over the syphon, 
hy raisinj^ the inaij^h if necessary, 
the* reservoir is lowered, the tap is 
tiiriietl, ami itie jLjas is taken into 
the pi{M*tle. Sutlieienl iii«*rcMiry 
sliouhl he drawn over*wiih the 
to eonijdeteiy fill the capillary tuU;. 

The syphon may also he applied 
to lari,^i*r inercury oa«h<»ld4*rs; those 
<tf the lyfMi shown in Fi;'. .*52 are 
mmh* to contain alw»iit 2oh e.c. 

It is som<*tinies convenient to 
(leliviT directly from the pump 
into a oasholder, |uir- 
ticularly if the <|uantity 
of pas is larpe. The 
vessel a, whieli is con- 
nected with the pas- 
liohlcr h hy a capillary 
lain; r, stanils in a nienniry-trouph directly over the upturned 
4?nd of the cUdivery tulx^ <l of the pump : the tube r shouhl not, of 
course, earrieil to any great vertical height If the reservoir 
attached to the gasholder is so placed that the mercury in it lies 
lielow the level of the mercury in the trough, it will merely be 
necessary to turn the Uip from time to time in order to remove 

the pas from a. 

Colled in ff (fas over jKitas/i . — It 
is often convenient to collect a 
gas over i)otash or other liquid 
reagent in oixler to remove one 
4if its constituents in a single 
o(>eration. One of the larger gas- 
holdei's (Fig. *12) may adapted 
for tliis purpose hv menus of the 
armiigement shown in Fig. 23. 
The glass fitting hd is inserteil into the lower opening a of 
the panholder through a rubber stopjx'T. 'Fhe gas is delivered 
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through the tube b which passes below a layer of mercury cover- 
ing the bottom of the gasholder, the potash escapes throiigh i* 

which is connected with a re»?rvoir; 
the np}>amtiis is similar to that 
employed in niin»gen dcteniiiiia- 
tions. 

(irdsi^infiers aiv sonu*tiiiii*> »‘in- 
ploviHl for storing giis. but thryiUf 
somewhat ifithtuli to manipulatr 
Flu* lorni shi»\v!i in I 

ihi* adNantauv that it d»H-< 
ie»t re«|iu‘re mu*/h inemin. t nu^ 
cenlrie liiiLi't nw tunnMl n* a hliM-k 
*»1 hard and ! \vo cniK’eiilrh 

c‘y!indt‘rs u and /' an* otnnentod into 
them: tho gasholder tit*- elostdv 
“Vi*r the iimei evlimlei. In nsiiej 
the instrument the nierenr\ mn>t 
first U*ilrawn np into the sio|n‘oek. 
and on aeeount «)f tin* l*ni»ya!uy 
of the glass, presMire must i»e 
exerted to »^\jn‘l the gas. 

ttasoineiers «d’ a similar lonn, 
lioMiiig from iJn to -tUf litres. 
Were employed by I’rofessor I hi no 
s^iy and tin* author in the jm*- 
paration of argon on a large stale. The smaller oin*.s w<*)*e of zinc, 
and the annular space, which crmtaiiied water, wa.s alKuit J eni. 
wdde: a section of one of them is shown in Fig. 72. The pressure 
was adjusteil by hanging weights on to the siring which was 
attached to the top of the gasometer ami f>a.s.sed f»ver the pulleys, 
or by placing weights on top of the gasholder. The top of ihi* 
gasometer and inside cylimler were made dome-shaped in order tn 
allow of tlie gas being completely exfielled. 

TtthvlaUd bottles of the form sliown in Fig. 155 may be con- 
veniently used as gasholders. As the gas enters through the 
stopcock a, the water is exjielled into a second ve.ssi*l through u 
rubber tube connected with the of>cning b. 

Storage of samples of gas . — For the safe keeping of samples of 
gas it is advisable to seal them up in glass tubes so arningcd 
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that the gae can be easily removed wiUmnt lose ot emtaming^Ciii;^ 
The tube which is to contain the gas should he drawn out at 
either end as in Fig. 36 ; its capacity shonld 
be somewhat greater than the volume of the 
gas under normal temperature and pressure. 
The capillary portion a of the tube should 
be about 1 cm. in length ; the tube should 
lie slightly contracted at h and c to hold the 
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nililn*!' tubes wiiicii are ntfacheil in iiitriKlucing and withdrawing 
tiic gas. The gas may la; intnKluced fnan a syphon gas-pijK*lte 
by one of the following inetlaKls. 

Tlie tube is held in a vertical jMwition in a clamp i!.o that the 
upjier end of it lies close to the .stojam-k ott the gashqlder. Two 
nililaT tubes an* then attached; a long one to the lower end 
leatling to a mercury reservoir, and to the uiiper end a tube of 
Millii'icnl Icngtii to make the <'onnection with the gasholder. It 
is advisable to hold a short section of the long niblier tube in a 
elamp, as the strain caused by the weight of the mercury in it 
may break tlie capillary glass lulie to which it is attached. 

^lercury is tlien jHiured into the ix'servoir till it fills the glass 
tula* and rises into the rubber tula* at the top of it, completely 
ex[wlling nil the air. The lower rubber tube is then oloseil by 
metuiK of a screw clamp, and the short rubber tulie is slipjted 
over the tula; leading to the sUna'Oek on the gasholder, taking 
care that no air is enclosed ; the jHncti«>ii i.s made secure with wire. 
Jly o])eiiing tlie 8to|a;ock on the gjisliolder. loosening the screw 
clamp, and lowering the reservoir, the gas is allowed to flow into 
the glass tirl« and replace the mercury. If the tube is of the 
right size when the mercury is at h (Fig. ‘Mi) at lx)lh ends of the 
glass tube, the gas will be at slightly reilucod pn'ssure. and the 
(;npillnry portion of the tube can la> hcattal in a blowjMiJe flame 
and sealed oif with safety. 

Instead of fllling the tube with inercur}’ it may ho attached 
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bf OHO end to the gasholder, aad b; the other to the puiup. 
Hie air is removed by exhaastion. Uie tube is Male<l from the 
pomp, and the gas is introduced in the manner already 
described. 

The gas may be either expelled from the uibc by iikvihs of 
mercury, or drawn off throujih the pump ; the sectmd nualMnl is 
the more convenient. A pu-ce of rublx;r tuls* is slippii over 
the end of the glass tuU‘ (Kivr. “Sdl, which has Im'cu previously 
scratched with u file, aud St*eunnl hv iiienn.s of a turn wire . 
the other eiul is attAehtM.1 lo tlie pump, Allrr ihr air liii> Imh*!i 
removes! from tlit‘ Icailing lulies the {Hiiiil ti!‘ the luU' 

which inside the rublnT ruU* is hmkeu. ami iht* c*oiit»‘nls t.f 
the tulje are piiin{JtH{ otY uiul eollectetl. If the t iul t»! rlu* 
tuU‘ nearly tills tlie ruhU^r tul»t\ so as |i» iviider the e\hansti(>n 
slow, the tid>e may U* eompivHsi*tl by means (‘f a serew c lam)), 
so as to make it stuiiewhat uval iti seotitui. 

The only dillieulty involved in exjudlini' the pus fn»m the 
storage-tube with mercury lies in HtUcluug the iuIh» connecting 
it with the reservoir and gfusholder, which are [in^viously tillisl 
with mercury, without iiitroiiuciiig air. The operations are 
I>ractically the same m those involved in filling the IuIk* hy ilie 
method first described. 

Storage-tubes with ghuss lajis at cither end may bt; luseil fur 
conveying samples of gas from one place t4i another fur analysis. 

The tfips sliould Iks well 
groiiml and Iubric*aicd, and of 
capillary bore. 

(jfa^H from natural irat^rs 
and mineral sprhujH , — liOrd 
Itiiylcigh has descrii>ed an up- 
I)aratu.s by means of which it 
is {mssible to obtain the gas 
from a lai'ge (piantity of water. 
“The lioiler A was constructed 
from an oil-can, and wi^is heated 
by an ordinary ring llunsen 
burner. For the supply and 
removal of water two co-axial 
tubes of thill hrusH, more than 
4 feet in length, were applied on the regenerative principle. 
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The outgoing water flowed in the inner Ihbj^ BO| eon * * 

C to ]) by prolongation of compoettion tnbing. The inflow mtiw 
was delivered into a glass tnbe at E» passed throng tbfl Imsa 
e^inneeting tube F6 into the narrow annular space betwem the 
two principal tubes, GH. The neck of the can was fitted with 
a niblicr cMirk and delivery tube, L, by means of which the gases 
were collected over water in the ordinary way'* (Phil, Trans,, 
ISOn, 226). 

In actual working* it is tieceasary to keep the water boiling 
vt*ry stciutily, by carehilly jirotecting the bonier from draughts. 
The tein][iemture of the water in the basin in which the gas is 
(‘ollected should also kept <lown to aUmt 70 by nieaiLS of a 
<*oil of coiii|Hi8itioii iul»e tliioiigh which cold water is circulated. 

The delivery tube may cfuineeted directly with a gasholder 
< ttir. •»*» ) t hioiigh a stoj»cock. A condenser alK/iit 40 cm. long, with 
an inner lulKi of narrow is inter|K^sed in order to condense 
the steam. The gas is Ciirried along the lube Urtween the pellets 
of water wliicli are formed. 

Lord IJayleigh e.xamined the gases from a large number of 
natural waters, and the iiiellMMi has al.'jo been employed by 
iJamsay and Travers (/Ver. pot/, *sV., 1897, 60, 442). 

Lor the quantitative e,siimatiou of the gases dissolved in water 
the water must be iiitr<Hlueed into a vessel pH*viously exhausUHl, 
and in commuiiieation with a pump, and U*iled. A cuuvenienl 
a])parutus for tlie puriH>se has been dovseribed by Trunuuiu {Chcot, 
Sur, J«ri4 90) 

The llask is connected by means of a rubber stopj^er with a 
bulb, which serves as a condenser. The stem of the bulb passes 
down to the b(»ttom of the flask, and a hole is made in it for the 
passage of the steam. The neck of the hnlb is sealeti to two 
tubes, one leading to a grailuiited funnel, the other through a 
stopcock to the pump. A ring of composition tube pierced with 
holes surrounds the tube alxive the bulb ; it is connected with 
the water supply, and server to maintain a current of water over 
the surface 6f the bulb. The water runs into a catch-water 
below the bulb, ami is conducted away. A similai* api>aiutiis is 
tlescribed on p, 1 1 2. 

In many cases gases are given off with the water in mineral 
springs. In s(»mo cases the gases consist ohielly (»f carlniu dioxide, 
in others, particularly when sulphides are present, of nitn»gcn, often 



34 


KXPERIMKNTAI. STL'I>V OK (;A>K;.s 


CUAI*. 


containing lather more argon than is jireseiit in atmosphtfnV 
nitr<^en, ami sometimes helium. 

The gas may be t>ften tlirK*tly (nllfcietl by inverting a bottle 
filleii with water over an ortlinury funnel iin!nei*se(I in the spring; 
the bubbles of gas rise int » the funnel, ami so into the botlle. The 
bottle is subsequently sluppt'ml U*low the suihu'e i»f the liquitl, 
and the neck is afterwards secured with sealing-wax. fn remove 
the gas the bottle is immei*sed in a trough uf water, and the gas 
is drawn out by means of a gla.'*s sypliMU into a suilabb‘ gas- 
holder. 

Very often, on acoouni i>f the lemperaiuiv of the \\ati*r, «»i 
for other reasons, it is quite iiu|K)>sible lo iollecl the gius in this 

manner. Ftu* the exuiniimtion of 
the giises fn»iu the ^^lrings of 
t‘auten‘ts (Pvrenee.s) the following 
inetluHl was employed {/)*>(. Untf. 

60, 44 Ji. Vessels mH<lt‘ of 
>t4iul sheel-liii A, witli laps at either 
end. Were used lo eoUec t tlu‘ gas. A 
piece of rubber tube ]t was allaelual 
to «»ne of tlu* tai»>, ami iht* tin was 
tilled with water from the spring. 
A tin funnel 1) at the end of a long 
piece of rublnu' tube (j was tlieii 
lowered into ilui ^^pring, and water 
was drawn up into tlie tube which 
was attached to the second tap. 
The tin was then fixed in a vertical 
[mitioti, and when the funnel was 
brought over jinints from which 
rose through the tul>e into the. tin, 
replacing the water, which Howled Ijack into the well (Fig. d8). 

Gam €vdv€d duriny .^aM-fnhe rencHom, In studying the 
gaseous constituents of minenil substances it was found necessary 
to heat the finely powdered miiienils in sealed tuf>es with sulphuric 
acid to a high temperature in order to completely <lecoinjK)se them 
{JPro€. Roy. Soc. 64^ 132). The acid was jsaired into the bottom of 
a thick-wallcd tul)e, and the mineml was weighed out into a tulie 
with a rod seale<l to the bottom of it so as to keep it uimve 
the surface of the acid. The tulie was then drawn out us in 
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the gas was issuing the gas 
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Fig. 39, A, coiinectfil witii the pump by lueans 
tube, oxImuHted, und »t*aled at the capillary 
portion. 

After hoatinj' fur a time HulHcieiit for the 
cuii)]dotc iieeoiii{)u.silion of the iiiinend, tliu tube 
wiui again attiiched to the puiii)i, a.s in Fig. 39, B. 
Aft*‘r reuiovi«ig tin* air from the connecting tulx* 
tb*.> point of the tnitu, previoiKsly marked with a 
tile, was broken inside ‘the rnlilier tube*, ami the 
gas wiis pumped <mt ami analysed. 

Stmplinf/ i/nsi s fruin nnimM, rfr . — The samples 
of ga.s may be taken in tub«*s of the fonn ilescribed 
on {). .“>1. A goo<l current of the gas may he 
drawn thi'oiigh the tulie by means of an aspirator; 
llem]a*l suggests using a .small rublier hand-pump. 
A nunilH'r of sample.s may lie Uiken in gas tulics in 
the following manner. A current of gas is ma<le 
to i)as.s along a tube by meaim of an aspirator or 
water-pump. A syphon pipette with a two-way 
stoiK'Ock is eoiinected with the tuln! so that from 
time to time .samples may lie drawn otT and trans- 
fern*d to tubes. The tulxs may be placed on one 
side ill crucible.s, and the sauijiU'S subse(|uently 
analysed. 

Sttmplinij of f nr nmf. ijionit. — Thi.s question has 
be(*n SO fully dr*alt with in several works on 
tcehnical gas analysis that it will only lie neces- 
sary' to touch lightly ujhiu it Imre. The use of 
unprotected tulnes of either iron, jiorcelain, or 
plhtinum is oix*n to objections, for. in the first 
case, the clit'iuical eomiio.sition of the gases may 
be aH'uctcd, and it is known that Inith porcelain 
and platinum, when hot, readily admit of the 
passi^i of hydrogen. Winckler's plan of intro- 
ilucing a double-walled tube of the iuyirt form, 
through which a current of water circulates, is 
probably the best (Anlrifiiut/ znr ckemmhat 
(Jntcrmrhung ikr InduMrU-t 'aae). 
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Ap|tiinMu» in th»‘ iiuu t^voixril duriii!; *k'*h*<i-tuU» 

rvaitionjt— Api^mtnt^ einpiovinl in tlu* pnii!h‘ati>^n of ^^a.sos 

of phosphoriKs <'tr. •-'•Hy»iii»j;rn - U\ yp i» Klt otiolysin ("hioiiiio 
FluoriiM*- Nitro^Mk- TarU^ii CarinMi motu^Milr Nitnaw u\i«lo 

Xitrie cixHt‘ ‘ Ammonu - F'hoHjiUtirvtted h\<lro^vn Tli»' halof^iMi 
S»il|*hur •lioxi’ls* - Sul|*hur»‘tt**J h\»lr«»p‘n Ktluiiu* Motli.nio Aot tylm^ 
Ethylf.*iR\ 


Is st^lectins^ a nu-lh'tl for tho j«riKlHclion of n ”a» ii is necossaiy 
to take into con^iiiUTatioii the fulhiwinj' points : — 

1. It must Ite jioMiihh* to ooinjilctely remove all air from the 
apiuirutiis either by exhaustion <>r by means of a current of (h»! yas. 

2. The gas, wlien first gencrtite<i, should Ih* so jaire as to 
need little purification. If thi.s i.s imjio.ssible, a metlunl should 
be selected with regard rather to ease with which the impurities 
can be removed, than to the (juautity in winch they are generated ; 
it would lie easier to remove a large (juantity of cnrbmi dio.\ide 
than a trace of hydrogen from ino.st gases. 

Chemical stil>.«itances, whether elementary or compound, may be 
obtained by processes which fall under one of three lieadings : — 

( 1 ) Electr<ilysi.s. 

(2) The action of heat on another sulistitnce. 

(3) The interaction of two or more substances. 

fl) EUctrdytic vut/mh are only applicable to the preparation 
of a few gases, such' as u-vygen, hydrogen, and ethane. The 
method is rarely used. 

(2) By the art ion of heat upon mlid sulsianeee . — The sub- 
stance may be heated in a har*l glass lube connected either 
directly to the pump, or through tubes containiug chemical re- 
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agents. Tlie connection may be made by means of a piece of 
rni>ber tube or by means of a ground-glass junction. 

If tbe quantity of gas is not large it may Isj O’ 
immiK*d off as generated (see p. 9), and delivered 
into a collecting tube ; but if a large rpmntity of 
gas is given off, tlie following metb<Kl will be 
found more convenient. A syphon tube of small 
inteniid diameter is cuynccted at right angles with 
the tiilx; connecting the apparatu.s in which the ^ 

gas is generated with the pump (Fig. 40). The 
long limit (/ is Isait upward at its lower eml, ainl 
dips into a basin of mercury. When the apparatus 
is c.\liauKted the mercury rises to h, but when, 
after closing the sbiix-tK-k, the substance in e is 
heated, and the pressure in the 
apparatus ri.ses, the gas esca|»e.s 
tlirough the mercury in the 
Ita-sin, and may lie collected in 
tubes. The residual ga.s may 
be removed by means of the 
pumji. 1 shall ntfer to this 
jticce of apparatus as the syphon 
delivery ttiln!. 

(■”>) JJif thr (U'tiiiH Ilf II lUjuiil 
OH a sill ill siilistiinci'. — The solid 
is intrcKlnced into a llask (Fig. 

41), M'liich lia.s a Up funnel 
.s(‘altHl to the side of it, and 
whieli may either be httrmetically setded or closed 
with ii rubber or glass stopjier; it i.s ctmnected 
with tl>e syplion delivery tulio and to the pump. 

When exhaustion is nearly complete a little of 
the liquid is allowed to i>ass the stopcock in order to make sure 
that mi air i.s present in the bore. After complete exhaustion 
the li<[uid is udmittiHl carefully so ns to avoid frothing, heat 
being applied if necessary. 

Jiif (hf iiitmirtioH of hPO H^itiils <»/• <i/' (it'n ifiil>$tii net’s in sulntion. 
— The lieplids are admitted either seimmtely or t»>gellier through 
the tap funnel ; no jiarticular precatitions lieyoiul those already 
mentioned need lie observed. 
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fitrnate, — I’or heatiii" ^^biss llu* unlinary 

form i»f coin Imst ion rtiniaco is conveiikifitly 
t'urnuces im\ liowever. too 
large fur most of the i»penilions with which 
we are coneeriRHi, ami to meet the require- 
ments of tile work, Pixifessor Ihunsay lias 
ilesiguetl an attachment to the Ihuiseii hni iier 
for heating glass tiiles nj» to S inches in 
length (Fig. 42 . 

The uttaehmeiil tils on to the top of a 
•Jj inch burner, sti that it ean easily re- 
moved. The gas i^sin»s fri»m a slit along 
tlie top of the hori/.ontal portion, luul tlie slit 
can Uf closed by means of four split tulies 
» , V . The two eml pieces (/, *1* supjKui a 
brass trougii in which the tiilu^ lies; the 
trough may be liuetl with aslx*stos, but this is usually unnecessary. 



Pl«. 4*2. 


If it is necessary to heat the tulx; to redness, an asbestos 
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hooil / is ahovc it Uy ineaiiH of a j>iece of fire-clay 

lile t placoil at oacli en<i. The hood is made of a strip of 

ash<*stus cardlMiard H inelies loiijr hy r# 

inches wide jaened down tin* middle 

lim* hy a nniiilM*i* of holes; ihe holes 

may he eiit with a rork-horer. 


77/c fYfttnt'fi/ of it/tfftfrif !*.'< frow u gas 
in tlie rourse of pit'paration is usually 
acroniplislied hy hrinjj:iiV it into intimate 
(•<»nt 4 i<*t with one or more siihstanees 
which alisorh the impurity without at 
tile same Lime uivinj^ off any ptis or 
vapour wliicli cannot he easily reinoveil. 

The apparatus should be so armn^red 
that the reaL(int presiuils a consiilemhle 
surface to the tra'^, wliich should not pass 
over it at a liiuli v«do< itv or at reiluwl 
lui'.sswrc. ir a }i(is is jtassal dir«*ctly from the generating vessel 
ilirough the |nirifyiftg tulies to the }nun}i, it will not W as pure 
ns if it had been allowed to esca|K* at full pressure. Heliiun 
general etl hy lieating clevite itt a tube, and passed 
direi'tly ov»‘r red-hot copper oxide to the pump, will 
still contain hydrogen, even if tiie tube coutaining the 
copi*er t»xide is of a considerable length. In onler to 
obviate this dilliculty the .syphon delivery tuln* Ip. :t7) 
may lie employeel. 

U - tulM*.s juay be t'ouvenienlly employeil to hold 
solid reagents or li<iuid reagents in contact with pumice 
or siuue other ahsorlKutt. If the apparatus is to be 
exhauste<l, the tulies sliould K* made without stoppers, 
.■md should l»e sealed after they are fillet! with the 
reagent. A U-tulte with one limb sealed is shown 
in Fig. 4:5. 

'fubes of tlie type shown in Fig. 44 may lie used 
to contain reagents in the same war. 

t'our common forms of tubes to eoutaiu purifying 
reagents are slmwn in Fig. 4’». The types «i, r. and tl may lie 
used for liquiil reagents, aiiti are particularly useful in cases where, 
during a chemical reaction, a tptantity of water vaiiour is giveu 
off and must be alisorlHHi. The tubes r and d may also be used 
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fiir MdU XMgenit 9 , such as phosphorus pcutoxide, which oan ive 
introduced Uurongh the stoppered openiuijs. The tithe 6 is Uio 

simplest and moat convenient form 

• ^ ) that can bo employed wiUi solid 

^ reagents. A piece of glass tube 2 5 

"" \ cm. in diameter is sealeil at one 

^ ' — end to a piece of tjuill tnijc. leaving 

the other eml open. A plug of ghias 

* V ) wool is plami in the iKUtoni of the 

_ lube, which is then filled with the 

" ? — t. > witltin 4 nil. »>f llii' t»»|> 

A iwolul pln*r of \vt»o] 

Fiti, ir>. , * * 

down on top of iht* iiiiti 

the tulje, after caivfiilly eleaiml wiih \vt»t una a tin 

cloth, is dmwn out in the hh%vpiiK^ ihitm*, utul mmIoiI !<> a mmoihI 
piece of quill tuU*. Wh^ii plHHplit*rns jM*ntu\id«' is nnployvtl 
the tulx" when in use niunt lie in a hori/ontal jnwiiion. t>r it will 
become iMirtially or eom{»leteIy f4ogi;od l*y the seiiii-flni*l ziu*ta- 
phosphoric aciii. 

are rarely mqdoyeii in rases when* it is necessary 
to exhaust the apparatus. A waj^h- bottle with a — 
byt*-|xi»s (Fig. 4r> is, however, .sometimes nuivenieiit. 

//I if is imf^issihh i** tjhonst fh* 

HpjHiratus in ukuh th* i.s Sjrecia! ^ 

ptecaution must then Ik* taken to secure tin* 

complete removal of the air from the 

^ apparatus by the eseapiiig ira.s. ami in 

'*[ consinictiug the apjKirHlus care must Im*. 
taken to keep the internal voluiiu^ small 
without reducing the surface of the purifying agents 
exjK^sed to the gas. I>ead emls and blind channels 
must Ik* avoided or made as slmrt as ix^ssible. If 
L ^ gas is generated by heating a .suhstaiice, lient 

P inust timt Ik* applied to the extremity of the tube 
containing it. 

Thr Ilirhardstfit ira$h-lfOfth\ In this apparatus 
(Fig. 47) the gas is intrcKhiml at the bottom iif the 
bulb, and rises in bubbles through the tulie //, carry- 
ing liquid with it; the liquid returns to iho bulb through the 
tulie i. There is very little free Hfiucc alxive the surface of 
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tlie liquid, and the gas is thorough^ exposed to the neifenjpf 
regent 

Th* Fettmko/ar aimorptum tube (Ilg. 48X^1^ gas ii 
duced throu|^ a jet at the bottom of n long inclined tube, which 
is nearly tilled with 
the reagent. It 
iwsses in bubbles 
along the upper sur- 
face, and escapes at 
tim open end. In a 
more com])act form 
of the apparatus the inclined tnlie i.< wound into a spiral, which 
may lie of considenible length. 

Neither of the.se pieces of up]tanitus should be lusetl if there is 
any danger of liipiid lK*ing sucked K'iek into the g«Mierating vessel 
In thi.s case tlui reagents shoultl Ih» contained in U-tulies. 

'J’he gas should lie alloweil to c.scape IVeely from the ap]iaratus 
lM*fore any of it is collecteil. The tiilx* from which the gas escaj>es 
should pass lieiicnth the surface of men ury. 

7'/i«’ mrthiiif nj' purij'i/inff h>/ liifurfiu tum ftud frnrtioiml 
i/is/illtiiloii is ilealt with in Chapter XVI. 

Pliijit/ihiiniii jmitiu'idf. — Thi.s reagent is almost universally 
used as ii dehydrating reagiuit in working with g«u<cs. but it is 
.somewhat dillicult to obtain pure. The oxide should be jierfectly 
white and quite free from discolouml lUHlules and sticky masses 
of meUipliosphoric acid. When ex}H>sed to the air it .should 
deliquesce without turning red or giving off any islonr. The 
principal impurities consist of the lower oxide.s of phosphorus, 
.some of which are in themselve.s volatile aiui react with g.ises, 
such as chlorine and ozone, and with water vajionr to yield pho.s- 
jilioretted hydrogen. 

In oriier to oxidise the lower o.\i«le.s Thndfall (/ViiV. J/ie/.. 
■lunuary 18h:i) volatilisiHl the crude pentoxide over platinised 
asliestos in a current of oxygen. Shenslone and Ik'ck (Cfieui. 
Siir. Jour.. 189.‘i, 63 , 475) foumi that the platinum quickly 
became covered with a layer of phosphide and so rendered useless ; 
they recommend the u.se of )>Iatinum sjiouge. Hie jauitoxide can 
be obtnine<l almost entirely free from the lower oxides by throwing 
it into a rt*d-hot jioreolain Iwsin, ami stining it in a currimt of 
oxygon. 
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ffvtirtHjfen, H.,. — (</) Moderately pun* hydrogen may lx* obtained 
by the action of dilute .sulphuric acid u{)on zinc which has previ- 
ously been platinised. The ordinary Kipp’s apparatus may las 
conveniently used, and to guanl against aksorption of air by the 
acid the open bulb may be ciuuiocted with a reservoir containing 
hydnigen coufineil over water. 

Hydrogen should not be parsed through a solution of iMitussium 
(lermanganate ; for although this reagent compleUdy removes 
arsenuretted hydrogen, it gives rise to traces of oxygen in the gH.s. 

(6) Very pure hydrogen may bt* obtaintHl by the action of 
caustic )>ntash u[>ou aluminium. The metal should, however, 1 h* 
free from carbon, which may l>v jm'sent to a certain extent in 
the metal, ami give ri.se to the formation of hydns'arbons, 

{>•} Metallic sodium has the projterty of altsorbing hydrogen 
at a temperature a little aliove its melting point, and giving it u|) 
again at a higher tem[*eratuiv. If the metal i.s free from hydro- 
carbons the gas obtained in this manner is jterfcctly }>ure and free 
from moLsture. 

Troost and llautefuille ((', r. 78, R0!h have determined the 
dissociation pressure.s »»f .s<Nlium hydride at ditfei-ent temjKuature^. 
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The metal begins absorb hydrogen at about 100', and when 
saturated it appears that the product corrcs]ionds to the formula 
XaJI. 

The metal, which has been carefully freed from impurity, is 
placed in the upper part A of the a[>]>aratus shown in Fig. 49. The 
tube a Is connected through a stopcock and a phosphorus }>entoxide 
tube to a Kipp’s apparatus generating hydrogen, and the tulic b 
to a mercury-pump and to the apparatus which is to r(K;eive the 
gas. After exhausting the apparatus, both A and B are warraeil 
and gently tapped till the sodium flows down into the lower tulM>. 
Tlie gas is now admitted, and absorption is allowed to proceed, 
the temi)erature of the lower vessel Ijeing maintained at about 
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ir»0 . When tlie metal is Kiitiinited the stoijcock on a is closed, 
and the teniiiemtnre is raisinl. The gas may now he collected 
after allowing the first i«>rtion to escape. 

The wMliiim may he again saturate*! with 
hytlrogeii, ami a m-oml (|uanlity of the puiv 
gas so obtaiiKid. 

Small <]uantitics of pure hyilrogen may 
most eonvcniently Im, obtained hy meauK of 
metallic palladium ; the metal i.s, howevej’, 
very exiieiisive. The (piaiitity of hy«lrogen 
whi(;h 1 gram of iHilladiuni will absorb varies* 
considerably with the state »>f the metal : 
using palladium sheet, Morley found it to be 
O'(i0G3 grams «if hydr<ig».*n for every gram of 
the metal. Practically the whole of the 
hvdrogen is evidved in rnnto at the ordinary 
temperature. 

The metal, either in strips or in the 
Hpuii^^y (‘uiidiiion (the pie<.'e.s of apon^e should 
l»e N\ell hammered on an anvil to render 
tliem eoiniKict), is stnmj^ly lieated in a blow- 
pipe tlaine or in a mutlle-furnaee. While still hot the metal is 
placed inside a tuln^ fitteil with a stojicock, which is then sealed 
at the other end, atlacluHl to a pump, and exhausted. The 
palladium i.^^ then charged with hydrogen by attaching the tube 
to a Kii.ps ii)ipamtus. and allowing the a1)Sorption to proceed 
for about an hour; n considerable amount of beat is generated 
tluring this jmK-css. * 

In <>r(l<>r to *ibt*iin the pun; hydrogen the {MtUadium tulte is 
iittachcd to a ])um]), syjdion-delivery tulie, or apparatus into which 
the gas is to Ite inlr<Kluce<l The tube is then gently warmed, 
ami after allowing the fimt portion to escape, sufficient gas is 
collccled, and the metal is alloweil to cooL 

(Kn/gen. ()„ may lx? conveniently prei>aretl by heating pure 
potiussium iK'niiaugaimtu. Since the gas is evolved at a very low 
temperature, the tnlw in which the permanganate is contained 
may l»e of soft glass, ami may l»c .sealed directly to the tube 
containing the purifying r« agents. Traces of carbon dioxide 
may be present jiroduced by the oxidation of dust, etc,, in the 
l)ermanganatu ; the gas may l>e purified hy passage over solid 
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potash, and pentoxide of phosphorus. The oui! uhjiictioii to this 
method is the dithculty of ^ettiiio rid «if tiie oxide of ii)an<'nnese 
which is carried, either in stt-Apension or in the staU; of vapour, 
for a considerable distance through the tuK-s. 

Potassium chlorate should not W employed for the prejuira- 
tiouof pure oxygen unless special preoautwms are taken to purify 
the gas from traces of chlorine, hydrochloric aci»l, and ozone, 
which are invariably found in it. Motley (Smitlisonian Institu- 
tion) passed the gas from pottissium chlorate through a red-hot 
tube containing finely dividwl silver, and sub.'^etpiently over a 
strong solution of caustic potash, over stn»ng sulpliuric aciil, and 
through pentoxide of phosphorus t p. 1 :» 1 ). 

Shenstone suggests the u.<e of a mixtim' of eijual weights of 
sodium and potassinm chlorate.^, which has a much lower melting- 
point than either of these ('ompounda by itsidf. 

Oxygen may become ozonised by passage tlirough a Spivngcl 
pump ; the quantity of ga.s which i.^ converted into the active 



variety is, however, very .small. 

uf tliiiifr .tul/ihtirif avid . — 
This method may be cotivenieiitly employed 
if a coiKStatit current of eitbei- i*i' the gases 
is re«jiure<l ft»r a considerable iK-rifsI; it 
docs iHit. however, eonvcniently serve h>r 
the preparation of small (|uaiitilies of the 
gases in a slate of purity. 

A form of apparatus which tuay be eon- 
venienlly eniploye<I is shown in Fig. oO. 
The two vertical tuls-’S A and 15, which 
contain the electr<Kles, are connected by 
the hon/,<mta! tube ('. The tula* (.' is 
dividefl by a disc (tf porrnis material, cut 
from a lottery cell and cemented in |Hisi- 
tion, in order to check the dilfu-sion of 
liquid from A into B, and consequent con- 
tamination of the hydrogen hy dissolved 
oxygen and rice vemi, * Tlie electrtsles are 
of sheet platinnm rolled into a spiral and 
attached t<» stont coppcr,|eads which do not 
come into contact witli the liquid. Hie 


leads are cemented through the upper ends of the vertical tubes. 
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wliioli arc iiiiule narrow lor tla.* purjirata ; the gitses escape by the 
side-tuheK a and l>. The Ntn>iigl)) of the acid slioiild ije alwut 
1 in d, the current .should not e.xcee<l O'l ampere j)er s<|. cm. of 
surface. The lower [tart of the apjmratus should stand in a 
ve8.sel thnmgh which cold water is circulated. 

In onier to obtain a steady current of eith(‘r of the gases the 
tube K is connecUsl to a vertical tula; {Missing to such a depth 
below the surface of the wjiter in a vessel, that the {jressure in A 
is eijual to the {tn^ssure in Jl, and there is no How of liquid across 
the dia{)hragin. The side-tube b is connected to a liard glass 
tube containing copjier oxide to remove traces of hydrogen if 
o.xygen is Isung collected, or metallic co}>f)er in the case of 
hydrogen. The gas has then only to U* passed through drying 
reagents. The quantity of oxygen or hydrogen can easily be 
cidcidatcil, .since it is known that 1 am]H‘re {>roduc*e8 0’.'172 garm 
of hydrogen in one hour. 

Jilertrohfttv ijhh can be ]»r<xluccd by means of an a{»paiatu3 
containing two electrodes in the same glass tube. 

Fluoriw, F , wa.s obtained in 1880 by M. Moissan by the 
electrolysis of tin* comiiound HFKF dissolved in pure hydrofluoric 
acid in a }>latinum apfuimtus.' HydruHiioric acid, H^F,, as it 
siiould be written, is itself practically nou-cunducting, and even in 
aqueous solution is slightly dissociated ; electrolysis of solutions of 
its salts ivsnlts in the formation of hydrogen, oxygen, and ozone. 

( )n account of its chemical activity, all experiments on fluorine 
must be carried out in ap(>aratus of platinum, of platinum-iridium, 
of lluor-s|iar. or of some substance which is at first attacked 
with formation of an insoluble layer of a fluoride. Itecently M. 
Moissan ha.s employed aq*per vessels in the preparation of 
lluoriue; the platinum -iridium electroiles cannot, however, be 
di-spenscd witli. It is particularly im{K>rtant, when w’orking 
with oo{>per vessels, that the hydrofluoric acid should be perfectly 
anhydrous. 

Thu latest form of M. Muissau's apparatus is shown in 
Fig. 51. The U-tube A which contains the hydrofluoric acid 
ami )K)tassiuni hyditigen fluoride is of copper or platinum, and 
ha-s a ca()acity of iilmu^ 40 cu. cm. The electrodes B, B* are 
rwls of platiuuni-i|idiuin attached at their lower eiuls to plates of 

' A full accniiiit of his work on the subject hu recently been published by him 
under the title /.r/uor H see 
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the metal bent into cylindrieul foriu. The mis (uias through 
holes in cylinders of ttuor-spar which exactly fit tlic top of the 
tube, gas-tight junctions Ijcing socuml by wn.shcrs of lend which 
ore compressed between the screws at the tt>p of the tube and 
brass cajjs which tit over them. The «>a.se.'«, hytlrogcn luul 
fluorine, producwl by the eleclroly.sis e-si’mie at the tulx's t’,' 
which can be connecteil by nteans of platinum .sciew-tinion.s with 
any other piece of apparatus. The U-tube is placed in a bath of 
methyl chloride (p. 247). supplied from the cylinder 1». and boiling 



Fk. 51. 


under reduced pressure at oIkhiI — .‘♦O ' C, ; u krgi? vucuum-vesKel 
(p. 307} would serve conveniently bn hold this liquid. 

To prepare fluorine, about 300 grs. of anhydioii.s hydne 
fluoric acid, and 50 grs. of acid potas-sium fluoride arc piiu-ed in 
the apparatus, one of the floor 'Si>ar pliif^ being removed for the 
purpose. For the electrolysis a current of 15 ampfTcs at 50 
volte is employed, and about five litres of fluorine is liliernted 
per hour; with stronger cuirente it is found that the heat 
generated cannot be removed with suflicient rapidity. 

To remove traces of hydrofluoric acid fh»m the fluorine the 
gas is led through a coil into a platinum vessel £, which is 
also immersed in a bath of methyl chloride, and subsequently 
through two drying tabes F. F^ containing pie^ of fused sodium 
fluoride. 
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Till* hytlrogen is le«l away t«) u distance through tuljes which 
UiriniiiuU* in an apparatus tilled with calcium chloride. 

Prepnmtion of pure hpdrojluorie. arid, and acid potanHium 
Haoridc . — Pure ('taninercial hydrofluoric acid is taken and partially 
neutralised (about one-ipiurter) with potassium carboiiaU*. The 
product when distilled in a platinum retort, heated to 120“ C, in 
an oil-lNith, yields an acid free from fluosilicic acid, which is 
usually pn?sent in considerable quantity in the commercial acid. 
Tin* di.slilluU.* is diviiletf into two jwrtiuns, and after neutralising 
one iK)rtion with {H>tassium carljonate, the two are ini.\ed, and the 
solution <if acid {Xttassium fluoride so obtained is evaporated to 
dryness on a waU'r-lMith. To remove the last traces of moisture 
tin* }ilatimun laisin containing the salt is allowed to remain for a 
fortnight in a vacuum-de.‘<icciitor containing sulphuric acid and 
sonic sth’k.s of caustic {Kttash ; both the acid and potash arc 
changed daily, and the .salt is from time to time cnished in an 
iron mortar. 

The dry salt when heateil in a platinum retort decomposes, 
yielding the anhydrous acid (which ImhIs at 19'5“, and must be 
condenscHl in a freezing mixture) and potassium fluoride. The 
flrst ]M)rtion of the di-stillate, «which contains traces of water, may 
Ik* rejected. 

Chlorine, — Large quantities of chlorine are most con- 

veniently prepared by treating manganese dioxide with pure 
hydrochloric aci<L The manganese dioxide should have been 
powdered, boiled with stiting nitric acid to eliminate carbonates, 
and thoroughly washed and dried. The gas may be purified by 
passage through anhydrous copper sulphate and pent<pdde of 
phosphorus, which must be quite free from lower oxides (see 
p. 4 1 ). All the connections throughout the apparatus should be 
of gln.s.s ; no rubber or cork stopjiers should be used. If the gas 
is to l)e stored, strong sulphuric acid may be used in the gas- 
holder. 

Pure chlorine may be obtained by fractional '"distillation 
the impure gas. Liquid chlorine, which is sold in cylinders, 
contains little impurity. A small qnantiQr of chlorine can be 
introduced into a vacuum-tulie or other piece of apparatus in the 
following manner. A bulb containing pure gold chloride. AuCl,, 
is attached to the apparatus in sudi a manner that it can be 
sealed off with a blowpipe flame when the apparatus is exhausted. 
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After exhaustion the apparatus is shut utf from the pump ami 
the bulb is warmed. Pure chlorine enters the apparatus, but on 
staudinj; it is very slowly veubsurbed by the gold. 

This method may be employetl in onler tt) obtain a definite 
quantity of clilorine. 

Nitroijeii, is |terha{>s in actual practice one of the numt 
dithcult gases to prejmre in a high .<«tute of purity. The 
researches of Lord IJayleigli on the density of that gas. and the 
subsequent investigation carrierl out in conjunction with l*rt*fe8sor 
Kamsay, have proved that atmospheric air contains an element, 
argon, of density appixiaching 20. 

The chief ditticulty in connection with the pie|tarution of 
pure nitrogen lies in the nanoval of the nitric oxide which is 
prod\iceil in small quantity by mast of the reactions in which 
nitrogen i.s the chief product. Nitric oxide is an exttt'inely 
-Stable csnnpound, and can only Ije eliminated by {Hissing the gas 
through a tuLic c'outaining metallic iron or copper, heatisl to 
a redness. The use <»f iron is to W avoided, since a trace of 
moisture entering the tub* givi.8 rise to the praliiction of 
hydi'ogen. 

I,onl liayleigh's results show that nitrogen, practically 
free from nitric f>xide, cj^ ,1 m* prejmred by heating a sulutiun 
of ammonium chloride and )>otassinm nitrite, on a water-bath, 
jmssing the gas through a tube containing red-hot copper, and 
subsequently tbraugli caustic* {totash. sulphuric acid, and {amtoxide 
of phosphorus. 

If the presence of aiigon does not materially affect Uie result, 
and it^' is merely ref(aired to prepare a quantity of nitrogen in 
order to carry out some process which it is necessary to conduct in 
an atmosphere of inert gas, the following iiietbrjd may be applicid. 
Atmospheric air is drawn slowly through a solution of strong 
ammonia, contained in a wash-b(4tle, through a tube containing 
inetalUc copper heated to a red heat, and finally through a vessel 
containing strong sulphuric acid to remove moisture and excess of 
ammonia. The volume of the nitrogen obtained by this process 
is nearly equivalent to the quantity of air used. 

It may l« as well to state here, by way of warning, that 
metals generally are not nearly so inactive with regard to 
nitrogen as they were formerly supposed to be. Most metals 
appear to combine slowly with nitrogen, forming nitrides. 
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AtmmpUeric nilmjtn for use iu pressure gauges, etc. (pp. 
1(54, 2;)0) uiuy Ikj ubluiited by jnissing uir through a tute 
coutainiiig copper, and subsisiueiitly through caustic imtash, etc. 

CarltuH dioridf, - - The li«iuid which is sold iu steel 
cyliiidei-s usually contaitis ns an itiijiurity only diftsolved air, 
which eseaiH;.s with the first iKirtions of the gas, aiul water. 

(/') 'i'he gas nuiy is; obtained pure by beating pure dry sodium 
bicarlionale in a hori/.ontal lube. If the tube is not previously 
i‘.vhausled the heating Should be coiuiuenced at the aireme end, 
••thcrwise the air in the tula^ will not be swept out by the current 
of g!ui, but will only escaiK*. slowly by ditfiuiou. 

(c) A steufly current of earlMUi dio.xide may lie obtained by 
beating a ud.\ture of one jiart of soilium carbonate with three 
liarl.s of jiotaasium bichromate in a wide hard glass tube. Hie 
tube should )>e only partially tilled with the mixture, and should 
1 h; so inclined that the fu.>5ed mass does not mn down into the 
open end of the tula% This methcKl has the advantage that no 
watiT is iirodueeil during the reaction, as iu the last case. 

(d) (.'arlMMi ilioxidu may be obtainctl by heating carbonate of 
tnagne.sium, but in no case .should carlxmate of manganese be 
employed. At the teiniierature at which the decomposition takes 
place the niunganous oxide is capable of reducing the carbou 
dioxide and water vapour, and pi-oduciug carbon monoxide and 
hydrogen. Moderately jmre carbon dioxide may be obtained by 
the action of hydrochloric acid upon marble. Both the acid 
and the marble may, however, constitute sources of impurity. 

Varhm monoxide, CO. — (a) Concentrated sulphuric acid is 
heated in a small tla.sk, and small quantities of formic acid, 
previously laiiled to expel air, are run in through a tap funnel 

(/>) The gas may also be. obtained by heating a mixture con- 
taining 50 grams of sodium formate, 300 grams of sulphuric 
acid, and 150 grams of water. 

(c) By heating a mixture of 100 grams of crystallised oxalic 
acid with 500 grams of concentrated sulphuric acid, carbon mou- 
oxido is produced, U^ther with an equal volume of carbou dioxide. 
The carbon dioxide can easily be removed by passing the gas 
through a strong solntiou of cmistic potash. 

(d) By heating a mixture of 90 grams of pure reciystallised 
potassium ferrocyantde with 360 grams of Couceiitrated sulphuric 
acid, a steady stream of carbon monoxide is produced. The 

B 
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reaction may be stopped by cooling the tiask, and started ngaiii 
by the application of heat 

(c) Pure potassium cyanide luny lie useil instead of the 
ferrocyanide. 

The gas should in each case In* purified by passage over solid 
caustic potash, strong sulidiuric acid, and pento.xide of phosphorus. 
Dixon states that it is extremcdy diflicult to remove the last traces 
of moisture from the gas. Ixini Ilayleigh determined the densities 
of samples of gas obtained by methods />, c, and and obtained 
very conconiant results {Pmc. St>c., Itecember y, 1897). 

Niiivm NjO. — By heatiug ammonium nitrau- to a 

temperature not above 258'. The salt begins to decom]K>8e at 
about ITO” into water and nitrous oxide. At high temi.H»ratHre.s 
nitric oxide is produced. The giis must be {Hissed over {Hitash, and 
subsequently over sulphuric acid and {leuto.xide of jihosphorus. 

Lord Rayleigh obtained pure nitrous oxide fur the determimt- 
tion of its density in the following manner. An iron bottle con- 
taining liquid nitpms oxide wa-s jdaced in a freezing mixture, and 
half the liquid was alloweil to e\a{Mirute. The remaining nitrous 
oxide was considered to lie free fmiii dissolved nitrogen. 

JV'i/m ariek, XO. — Dilute nitric acid ts.y. 11), which has 
previously liccn boileil, is run into a Htuik (Fig. 41 ) which is con- 
nected with tni)cs containing strong potash solution, solid {Hitasli. 
strong sulphuric acid, and pentoxide of phasphonis. The whole 
apparatus must be thoroughly exhausted before the introduction 
of the acid. A strong solution of sulphur dioxide, obtained by 
possit^; the gas from a syjihon into Ixiiled water, i.s run into the 
flask in small quantities, and the mixture is warmed if necessary. 
It is somewhat difficult to separate traces of the higher oxides, 
even by fractional distillation. 

Ammmm. — Pure ammonia may be obtained by heating a 
mixture of pure ammonium chloride and lime. The gas may lie 
dried by passing it through a long tulie containing freshly prepared 
baritun oxide. 

The ammonium chloride should not be obtaiueil from any 
oii^ank source. The salt from gas liquor invariably contains 
traces of hydrochlorides of organic bases from which it cannot be 
freed. The so-called volcanic* ammonia, when genuine, is pure; 
Mumonium chloiide can also be obtained free from imparity by 
pawing the ammonia, produced by the action of water on magnesium 
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nitridf, into dilute liydrochloric acid. The latter method does not, 
liowever, serve for the prejHiration of the pure gas, as some of the 
aimiuinia is invariably decum{K>Hed by the local heating of the 
nitride in contact with water, and the gas is found to contain 
both free nitrogen and hydrogen. It can, however, be easily 
separated from these gases by fractional distillation. 

PhttxphoreUed hyilrtHjfn, — The gas cannot be obtained 

pure by the action of alkali on phosphorus, since traces of 
hydrogen are produced I'y the decomposition of the hypophosphite 
wliicii is a prutiuct of the reaction. Hydrogen is also produced 
by the interaction of phejsphidcs with water. 

'J’he gas i.H most conveniently obtained from the dichloride of 
cuproso-diphospitnnium (Hibau, C. r., 110, 240, 510), which is 
obtiiimal by [lassing pliosplioretteii hydrogen into a solution of 
cuprou.s chloride in hydrochloric acid. The compound can be 
separated in colourless needles. The saturated solution gives 
nearly eighty times its volume of phosphoretted hydrogen on 
heating. The gas may be purified by passage over potash and 
pcntu.xide of phasphorus. 

Impure phosphoretted hydrogen could easily be purified by 
fractional distillation. 

Ifydroc/Uoric arul, Ht‘l. — Uy the acti«>n of strong sulphuric 
aciil upon fused sodium chloride, or preferably upon ammonium 
chloride. The salt is pUtceil in a flask (Fig. 41), and the acid is 
intr<Hiuced through the tap -funnel, the stopcock of which is 
lubricated with metaphosphoric acid. The gas must be dried by 
passage through sulphuric acid, and sulysequently through a 
considerable length of tube containing pentoxide of phosphorus. 

Jfydrobromk acid, Hl$r. — It is easy to prepare pure hydro- 
bromic acid by allowing the aqueous solution of the gas to drop 
slowly into a flask containing pentoxide of phosphorus. The gas 
is subse<[ucntly allowed to How through tubes containing the same 
substance. Care must be taken that the liquid does not come 
too rapidly in contact with pentoxide. or some of the ga§ will be 
decomposed owing to the heat developed during the reaction. 

Hjfdriodie acid, HI. — Ihire hydrogen iodide may be obtained 
in the following manner (Banuow, R, 1874, 1498). A solution of 
10 parts of iodine in 5 parts of an aqueous solution of hydriodic 
acid is allowed to drop into a flask containing t part of red 
phosphorus. The gas is first passed Hirough a tube containing 
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red phosphorus. A eeriaiii ((uniitity i>f phosphoniuin itniide i» 
foriueil. ttud must be got rid of by {tussiiig the gas through n 
cooled spintl. The gas is then laissed through a tutie containing 
calcium ivxlide, ami finally drietl by ]aissagu thixuigh pentoxide of 
phosphorus. The gas is easily deeom{H>sed by the action of heat 
or light. 

This gas might well lie purified by fractional diatilhiti«m. 

Sulphur tlMJulr, S()^. - Tiu* Ihjuul sul{>hur dioxide obtained 
in gloss syphons is of a high degret' of purity. After rejecting 
the first ^xirtion, a stream of the g!U< from a vessel i'ontaitiing 
the liquid may l»e jmsseil through iuIh's comaining ja'ittoxide 
of phosphorus diiwtly into the vessel in which it is to be 
collecte«l. 

Sulphurdtol hpflrvffta, The pure gas may la* obtained 

by the action of m.tgnesium ehloridt.< upon ealeinm sulphide in 
the presence of water (Heliermaun. ^’h. «/.. 13. .'Udt The water 
should be allowed to drop slowly on the solids which are 
|)owdererl and mi.\etl 1%'ether, Moist sulphuretted hydrogen 
must not Im* brought into contact with metcury. 

The gsts can l»e condensed in a bulb cooUsl by solid carlHinio 
acid and ether, and distilhal. 

£thane, {.'^U^ — Murray (Jvur. Chew. >!«•.. 1892, 61, 10) luw 
carefully investigated the conditions which are mo.st favourable 
to the prodttetiou of ethane by the electroly.si3 of {loUtSHinm 
acetate. The decomposition takes place uccoiiling to the 
tHIuatioii — 

2CII,COOKAq « CJI* COj + KjCOjA.j + IIj. 

£thai»e and carbon dioxide are lilteratod at the anode 

A concentrated solution of the salt, alx>ut 60 fier cent, should 
be used, with a current of 1 5 amperes ; the surface of the anode 
should be about 160 8<j. cm. Since the yield of ethane de- 
creases considerably with rise of temperature, the apparatus 
must be kept cool daring the experiment. An apparatus 
similar to that employed for the electrolysis of dilute sulphuric 
aeid might be conveniently used. 

The gas when first generated always contains, besides carbon 
dioxide, traces of oxygen, ethylene, and vapour of methyl acetate. 
Knenen {Phil. Mag., 1896, 40 , 177) found that the impurities 
could be most conveniently removed in the following manner. 
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Tiie wns tirHl puMsed tiir<ni){h iiimitig Hul|ihiiric iicid into a 
lar^K ^nnhoUiitr cont4iitiiiig stxla Holution. It thrai p<uiR<i(l througl) 
tnliuK conUiiuing luiitifig Kulphtiric acid, solid [JoUtah, and pen- 
ttixidt; of phoHphuruH to a coiupressiun appamtua, by means of 
which it was H<|uifiud. The liquid was then cooled with solid 
carbonic! acid, and allowed to lioil in onler to ex{)el the permanent 
gaacjs. Tlic middle fraction consistecl of perfwtly pure ethane, 
the higher Iniiling inipuritios reiiiainiiig on the ap[*aratus. 

Hfhyli ni\ cannot lie obtained sufliciently pure for the 
deti'rminntion of physical constants by the action of sulphuric 
acid njKin alcohol. Sulphur dioxide, carbon dioxide, and mon- 
oxide are always among the products of this reaction. The gas 
can en.sily be obtained pure liy lupiefuction and subsecpient 
fractional <listillntiou of the liquid (p. 211). 

Aritfihni, -I’ure acetylene can only lie obtained by 

liquefying and distilling the gfis generated by the action of w’ater 
on calcium carbide. The ga.s alway.s contains hydrogen from 
free calcium, siliurelteil hydrogen from calcium silicidC, phospho- 
retted hydrogen from calcium phosphide, and aldehyde vafiour 
produced liy the eomlensation of acetylene with water, a reaction 
which takes place more rapitlly in presence of acids. The gsis 
may he freed from pho.sphorettod hydrogen by [lassing it through 
a solution of silver nitrate. 

I.iijnid acetylene can be purclmseil in ^cylinders on the 
Continent. 

, Mi-fhuiti . — From soiliuin acetate (I part) and barium oxide 
t4 i)art.s>. The mixture must not be heated too strongly. The 
gas is jiurified by passage through caustic soila and strong 
sulphuric iicid. 

liy the action of /inc-methyl on water. The gas is purified 
by ])as3tige through water, caustic soda, and strong sulphuric acid. 
Ill order to avoid risk of contamination by introduction of higher 
hydrocarbons, the zinc-methyl must be prepared by the action of 
the zinc-copper couple on pure methyl iodide. 

Silicon teimfinoridt, SiF^. can easily be obtained by heating 
a mixture of silica and sodium finorkle with strong snlphusic 
acid ; the silica should U' present in excess. The appaiatos 
should bo quite dry, and the gas should not be allowed to enter 
the pump. 

Methyl elJoritU, CH^CI, can be pnrcliased on the Continent, 
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but is somewhat ditticult to obtain in Kuglaml. It Ixiils at 
— 24’ C, and is nmeh used tts a refrigerant. 

ihimf, O^. — Although it is imjiossible to obtain ozone free 
from oxygen, it is convenient to include in this chapter a 
description of the luethwls employed in manipulat- 
ing it. A mixture of ozotie and oxygen may 
be obtiiineil by subjecting pure oxygen to the in- 
fluence of the silent dischi\ige. Xitn^'en ninst be 
ul»ent, since the conditions which favour the jtro- 
ductiou of ozone lend also to the formation of 
oxides of nitrogen. The gas must not brought 
into contact either with rubU^r or with mercury, 
both of which are attacked by ozone. The gas 
does not, however, act upoti parattin, ami 8t«>iH'ock8 
may l>e lubriotted with luctaphasphoric aciil. 

The fiuautity t»f ozi>ne, that is to sjiy the 
l>ercentage of ozone in the mixture, varies with 
the iiaturl of the discharge, with the temperature, and with 
tlie <piantity «»f moisture presnuit in the gas. The following 
are the mure important {Miiiits to Is* ke]>t in mind in designing 
the apparatus ; — 

(i) The ozoniser must Ihj kept cool. 

(ii) The uzoni.ser imt.sl In' made of thin glass of iinifonn 

thick ne.ss. ^ 

(ill) The two surfaces between which the discharge is pas.scd. 
should be as clase together as possible (•Slieustone and I'riest, 
Chem. Snc. Jour., 1893, 63, 9 *•2), 

A modified form of the apparatus originally dcsigtied hy 
Brodie may be made to fulfil these conditions (Fig. 02). The 
body of the apparatus, which is similar in construction to the 
vacuum-vessels used to contain liquid air, consists of two con- 
centric cylinders closed at their lower ends and sealed together. 
Two tabes are sealed into the outer cylinder, and serve os leads 
for the gas. The apparatus is partially immersed in a deep 
vessel of water; the discharge is passed through the gas con- 
tained in the space between the two cylinders by immersing the 
ends of the secondary leads from a coil in the water in the 
jacketing vessel, and in that in the inner cylinder. 

For the production of ozone in large quantity the Andreoli 
ozoniser appears to be the most efficient. It consists of a number 
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of Hut riiij^s of |M*vvt«r t(K»theil on tho inside, and connected 
longitiidinully hy strips of metal to form a cage. The cage fits 
over an exhausted glass cylinder, with a long electrode sealed 
intfi it, so closely that the jioints touch the glass everj'where. 
The leads from the coil are conne<-ted with the cage and with 
the electro<le of the vacimm-tulH}, and the whole apparatus is 
]iluced inside the vessel in which the ozone is to be pro<luced. 
The exhausted tulie may Ik; replaced by one through which 
a current of water circulates, so tliat the ozone is actually 
jiroduced in contact with a emded surface. 

With regjinl to the nature of the discharge, Shenstoiie and 
Priest state that tiie difference of jx^teiitial should not be too 
great, and that the interruptions should not e.vceed one thousand 
jter miiiuti‘. 1 1 apinairs, however, that the intensity of the discharge 
should W'ar some relation to the rate of flow of the gas, and that 
for a rapid current a high fiotenlial may be used with advantage; 
in the latter case ji large coil should !« employed (see also p. 
:' 41 ). 
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G^tteml remjirk>— Th^‘ luimn - Tiu- ,tu»i c,*? in 

[ltut]H2i.itioii nf tiiU s iiui -i aU's - r.ipiUfint v ('Aptlhirv 

de{>r«^siott <»f iner ufy Ailjusiuviit tin' l* \» l n! mvr« nrv- 

* 

Nearly all ihf ni«’a>'Hreiiu‘ut5 with wlmli w«- art* ciiiiOfrutMl in 
dealing with ga^f.**. ('unsistt in tin* tlclonniiiaiion nf tin* \M»sititai 
of tin* siirfaot* of lla* li*nii<l in the vi's^sfl in whith tin* gaa is 
confinud 

The readings are taken tdiher with regard to a fixed iMimt. 
to grad^iations tat lh».* enter siirlae’e of the glass, or t« a scah* 
placed clotH' to it. Since the sHifaee of the litnii<l is invarial'ly 
curvetl, tlie reading usually invo!vc*.s the detenu i nation of the- 
position of the mitldle {Hniit of the curved surfaee, with regiuti t<i 
a scale which is dhsUint frt‘m it hy at least the radius <»f the 
tube, and unless the eye of tlie oltserver is exwlly on a level 
ypth the surface of the Hqtnd, the acennwry of the oh.s(*rvation 
will be seriously affectetl. 

The mirr<T sealf (Jolly).- In reading l«irotiieU*rs, luano- 
meters, etc., it is usual to employ a ' glass scale ruled in milli- 
metrea Tlie scale is etched on the surface of a strip of glass 
about 5 mm. in thicknetrs, which is then silvered on the second 
surface. When the eye is placed somewliat above the level of 
the surface of the liquid, the image of the meniscus is seen 
reflected in the mirror slightly above the true surface, and the 
divisions of the scale do not appear to coincide with their 
reflected images. In taking a reading, the eye must be brought 
down exactly to the level of the surface of the liquid, when, if 
the scale is perpendicular, the meniscus and divisions of the scale 
will exactly coincide with their reflected images. To facilitate 
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reudiiig, u piucu of white paj^ic^r .should lie held on one side of the 
sealc, and a lens of low magnifying power should lie used. A 
lantern covered with ]Mnthnieiit ]»i{>er may he u.se<l for taking 
rdadings at night. 

It has betm suggested that inaecurdcy in the oljservations 
may re.sult from irregularities in the gloss surfaces about the 
edges of the lines ruled on the glas-s surface. The error would 
be very small in any case, and wouhl entirely disappear if the 
scales were so placed tfiat the ruled lines only extended half-way 
acro.s8 the field. The total error might, however, in this case be 
still greater, as small iiTegularities are more likely to r>ccur at 
the end than in the middle of the lines. In any ca.se the lines 
.should Im; made as fine as possible. 

Scahfs etched ujKm glass, and illuminated from behind, are 
morc^ convenient for ust; with a telescopic or cathetonieter (p. 
r.8K 

The. iradiny Ulerntpe is usually emjiloyed in making accurate 
observations of pressure, volume, etc. The telescope consists of 
a combination of an object lens and a negative eyepiece containing 
a spiider line or cross-wire. A pjair of convex lenses is often 
iutr(Mluced into the system to act as a rectigraph. A level is 
attached to the top of the telescope. 

Thu telescope, which is mounted on a stand restili|p on three 
levelling screws, should be capiable both of vertical and of horizontal 
motion. In its simplest form it is carried on a mount, which 
slides on the vertical rod which forms the stand, and which can 
lie clamped in any position. The mount may be so construefj^ 
that the telescope may be rotated about the vertical axis, and a 
screw arrangement for adjusting the telescope in the vertical 
position may be added. The latter, how’ever, unless very well 
constructed, will prove worse than useless. 

A teIescop)e of this description may be useil in reading the 
position of the surface of the liquid in a glass vessel, with r^ard 
to the graduations on its outer surface, or to a scale placed either 
behind it, or so close to it, that lioth the surface of the liquid 
and the scale are in the field at once. The telescope is placed 
at such a distance from th< apparatus, that both points of observa- 
tion are in focus at the same time, the cross-wire is adjusted to 
the surface of the liquid, and its position with regard to the scale 
is detennined. It is not advisable to employ a cathetometer. 
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au instrument in whicli the seale is attaeheti t<» the telesctjia*, 
in making observations of this kind, rnloss tht* instnununt 

i.s very well cousiruetetl, mul is made 
very heavy and rigid, eonsidenible errors 
may U' intruiluml. 

Sonu-tiutes the scale cannot U' }*lnced 
so close to the instrument, that the 
cross -wire of the telescoja* can cover 
luAh the surface of the li<|uitl and the 
' graduations at the same time. In this 
case the telescope must la* so arranged 
that it can l>e turnml horizonttdly so as 
to cover each of the objects in turn 
without vertical deviation. In order to 
si*eure this tibject, the leleacojie suiml 
limy la* so constructt'il, that the whole 
of the pillar oii which the tele.siojH* 
moves may be made turn about its 
vertical axis (Fig. 'I'lie setting 

of the in.strumcni may lie te.sted by 
oljserving the height of the liquid 
(inercurj'.or water) in three vertical glas.s 
tulies ♦-•onnected to a common i-emirvoir, 
and placed on the circumference of a circle, in the centn* of 
which the telescop*.* is placed. Ixird Rayleigh has descriliwl a 
reading telescope in which the vertical anpiiort i-s pivoted lx*tween 
fixed plates on the floor and ceiling of the laliomUiry. 

If an accurately constructed teleacoj[w is not available, errors 
may bo eliminated by rending from two scales placed one on 
either side of the apparatus. 

Illaminatim of acaUx, etc . — In a serie-s of measurements in • 
volving the determination of the height of a column of incrcuiy’ 
by means of a scale and telescope, it is necessary to take the 
precaution that light always comes from the same position with 
regard to the surface of the mercuiy. The top of the meniscus 
may appear a few tenths oT a millimetre higher or lower according 
as the Ught comes from a window at the side, or from a lamp 
placed behind the instrument This difficulty may be overcome 
by using only dilfased light A piece of ground glass or parch- 
ment paper placed behind the instrument and illuminated either 
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by dayli^hl, or by ii flame placed at some distance from it, has 
Imjcii found to give very good results. Jn an investigation in 
which it was necessary to use a glass scale about one metre in 
length, the Ijack of the scale was covere<l with a strip of ground 
glass, and an electric' lamp, which cKiuld lie adjusted to the height 
of the mercury column, wa.s used as the source of light A strip 
of silvered glass plact'd at an angle liehind the instrument has 
been sometimes used with satisfactory results. 

Giwhiatim of sealtJf, dr . — Tlie dividing engine is, of course, 
the most eftieient and accurate instrument by which a scale may 
bt> ruled on metal or glass. The gear, urhich is carried on a 
traveller, is moved b}' means of a screw of very regular pitch 
attached to a divided head. The length of the lines js usually 
regulated meohatiieally, so that every fifth line may be made 
Iong«;r than the others. The instrument must be kept at constant 
temiKiruture during tlie ruling of a scale. 

Since the dividing engine is a very e.xpensive and delicate 
in.strunicnt, it is not found in every lalx)ratory ; it will Ije well, 
therefore, to descrilHj one or two simple methods for dividing 
scales on ghuss. 

Scab's may l*e ruled on glass by means of a diamond, or 
etched with hydrofluoric acid. The first method gives the finer 
lines, but uule.ss the glass is thick it is liable to crack along one 
of the divisions. The second method is most usually employed ; 
the glo-ss is first wacgied, and then coated with a thin even layer of 
yellow brrs-tnt.r or some substance of a similar consistency. The 
scale is then ruletl and figured, and a piece of cotton wool soaked in 
concentrated hydrotluoric,acid is passed several times lightly over 
the surface. The excess of licid is removed by washing with 
water ; the scale is then warmed, and the wax is removed. The 
graduations may be made more distinct by rubbing a little red 
lead mixed with shellac varnish into them, and removing the 
excess with a rag. 

Short Kcales may be couveniendy ruled in the following 
manner. A steel rule about 4 cm. wide is divided into milli- 
metres along both edges of the same surface so that tlie divisions 
correspond. The rule is fix^ on a board so that its surfai^ 
lies a little above the surface to be ruled. The plate, or instru- 
ment which is to be divided, can be fixed in position by means 
of a little pitch. The traveller is shown in Fig. 54. It consists 
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of a triangular j)luto of brass, along one etlgo i>f which i.H fixed 
a narrow projecting strip which serves as a guide. At right 

angles to this strip, two pointed 
screws jiass down through the 
[date, so that when the slri[» 
i.s [U’csseil against the edgi* of 
the rule, the screw [vduts fall 
into eorivsjHinding divisions of 
the scales, 'file plate i-nrries an 
upright which serves to dinvl 
the ruling needle, which is earried 
on a stri[« of hruss held against 
the face of the u[irii;ht hy means 
of an ndjusiahle screw working 
in a vertical slot. 1‘he u[iright 
is So jilaecd that when the imedle 
is vertical it lies at alsiut 2 ein. from the »*dgi‘ of the rule. A 
small knob projecting from the .«triji which carries the m-edle 
serves as a handle. 

In using the instrument, the [dati* or ttila* to lie divideii is 
placeil in pisilion. tiie position of tin* traveller is regulated hy 
the left hand, and the nee<lle U drawn across the surface, whh’h is 
being ruled so as to out through the wax. In order to regulate 
the length of the lines the surface may Is? marked longitudinally 
with Indian ink before the wax is ap[tlied. ^ 

It is not easy to rule scales of any iengtii hy means of this 
instrument on account of the ex[tansioii of the steel scale. If a 
long scale is used it should lie hxed to tlie Ixiurd at one end only, 
and the work should l>e conducted so m to employ a section of it 
as near to this end as possilde. 

Ostwald descrilies a convenient method of dividing short scales 
in his Phjfsico-Chftnical Mmmrrmrnta. 

CapUUtrity . — In measuring the pressure on a gas confined in 
a tube of small internal diameter, or in determining the true 
difference of level between the liquid in two tulies of different 
diameters, it is necessary to make a correction for capillarity. 

In the case of a liquid which wets the glass this bc'conies 
merely a matter of calculation for tulies of small diameter. Where 
p is the density of the liquid, 7 its surface tension, h the height 
to v#ch it rises in the tube, and r the radius of the tube : — 
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The viilui* ol' h luust in such cases he subtracted froiu tlie apparent 
height of tlu* liquid in tlie tube. 

In the ease of liijuids such as luercury, which do not wet the 
glass, h has a negative value, and it is found that it is practically 
inipossible to calculate its value with any exactitude. The cor- 
rection to be applied iiu\ cither lie determined directly, or can te 
worked out from tables : the first methoil is 
] inferable where it is possible. 

In the ease of the simple gas lairette (p. 

07), the pre.s.snrc on the ga.s is determined 
by means of a small side-tul>e insitle the water- 
jacket. When l>otli surfaces are e.\iK>sed to 
alniO'sjiluMic pressure, the surface of the mercury 
in the small tube lies about 1 mm. below the 
surface of tla* mercurv in the large lube. This 
difference mav U* directly iletermined bv means 
id* a telescope and a scale plaeeil behind the 
instrument, or the radius of the tiil)e may be de- 
termined. and the correction calculated from a table of exjHiriment- 
ally determined values fur the capillary depre&siou of mercui^’ : — 

(,’apillary dejiression on tube of radius R =r x luni. 

?* »» ~ v^ 

Dilfeivnce in curivclioii to be applied - y. 

Tile following table of corrections, involving the height of the 
meniscus, which is a variable, is given by F. Kohlrausch : — 
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Stiickli (Wit’ll. Ana., 1898, 5IU) has ohsenwl that when a 
gas is allowed to enter a vessel euntaining luereury the surface 
tension is teiuiturarily incn^asAHl. but i-egains its normal value after 
some minutes. The phenomenon is attributeti to a .static electrical 
effect connecteil with the condensation of the gas the surface 
of the mercury. The correction for capillarity ap|ieai*s in any 
case to l>e of such an uncertain nature that it .should, when 
possible, Ik; eliminated. 

Stieltiitn . — In e.x|»eriment.s involving the ttse of tulsss of small 
diameter containing mercury a diffictiUy i.s e.x|H‘riem’ed to which 
the term stirktiitn has l*et*n applied. Its exact nature has not 
been e.xplaineil, but appears to be due tt» a (t'm/t iin/ of the mercury 
to wet or adhere to the gla.<s. 

If a vertiail capillary tul)e Ls conuecUsl by a piece of rubU'r 
tube to a reservoir containing mercury, which is slowly rai.scil, the 
mercury will rise in the capillary tubt‘ in a scries of jerks. 
Further, if the reservoir is brought to it*sr, and tlm capillary tul»e 
is tapped with the finger, the mercury will not always come to 
rest in exactly the same position. The phenomenon becomes more 
marked if the ghuw is not #jHite clean. 

In tulies of larger diameter the nn^rcury upja*ai‘s to a<lher»* to 
the walbi at the edges of the meniscus. If the gloas is ]H:rfectly 
clean this only occurs so far os to alter the form of the meniscus 
when the mercury is rhsiitg or falling, afi effect whi<-h may be 
attributed U> friction alone. In onler to obtain concordant results, 
observations in the same seriea of experiments should lie taken 
either after raising, or after lowering the mercury to the, fiducial 
point as may be found most convenient. If the reading is U> Itc 
taken with regard to a scale after the mercury has been brought 
to rest, the tube may be tapped. Continuous tapping by means 
of tlte hammer of an electric bell has been found to answer 
successfolly. 

In some recent experiments on the rate of diffusion of gases, 
it was necessary to measure the rate of fall of a column of mercury 
from one fixed point to another. It was foimd that by introduc- 
ing a drop of strong sulphuric acid or glycerol into the tube the 
effect of sticktion was entirely eliminated. 

In order to bring the level of the mercury in a burette to a 
fixed point, the height of the reservoir may he adjusted by means 
of a cord passing over a pulley or by placing it on an adjustable 
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eliiiiil). The tiiwl adjustment may t)e made (Fig, 5C) by means 
of a closed glass tube whieli, jMissiiig fairly Iwsely through a cork 
in till! mouth of the reservoir, may be forced 
down into the mercury. Tlie burette is { 

sometimes connected with the reservoir 
through a tap. The reservoir is first raiseil 
till the mercury lies a little below the mark, J 

the tap Is then closed, and 
the final adjustment is made / \ 

l)y compre-ssing the rubber / ^ \ 

-- liroad wooden ^ 

r; 11 clamp attached to the table. \ U / 
I A sprew plunger (Fig. 57) 

Hamsuy in connection with \ / 

the M‘Leod gauge. A ^ 

; cylindrical iron block c was 

j_ _j cemented into the upper and wider portion of the 

1 [* glass ap()aratus e/. The plunger a was screwed 

V r •’ through the block, and the small screw 6 passed 

I through the larger plunger, and served as a fine 

I Adjustment It was found that if the screws 

were well greased considerable pr^ure in the 
5 - vessel d was required to force the mercury 
l)etweeu the threads of the screws. The pre- 
liminary adjustment of the mercury in the gauge was made by 
means of an ordinary reservoir and rubber tube, which was con- 
nected to the apparatus through a tap. Tlie tap was subsequently 
closed, and the final adjustment was made by means of the screws 
alone. 
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uf tUe voluiue of - <tii» Atial\>i». 

lif lueamtriiig iIm* v»»lvime t>f u jaus, ii is of course nooossary lo 
take into cunsiiiemtiou its l«‘in|H.Tatun‘ aiul th«- pressun- uiuitT 
which it is coiifiutsl For the puijKJses t»J' jjas uitulysis it is 
IKfSsible, however, to iiej;lwt the variations fn.»ut Ua* laws of IJoyle 
and Gay-Lussac, since they lie outside the limit of aci-uruey of 
most of the proeesses involvtsl. and to assume that the tspiation 

T, T, 

holds good in its simplest form. 

The law of mixtures can also be a&sunied within the same 
limits. 

A special case, which occurs in most of the prrjce.sscs in gas 
analysis, consists in the application of the correction for the 
pressure of water-vapour in a gas. Most of these i>rocessc8 
consist in treating a gaseous mixture with aqueous solutions of 
different reagents in order to absorb particular constituents. 
The gas becomes saturated with water-vapour at the surface 
of the solution, and as this is a function both of its nature and 
its concentration, it is practically impossible to calculate the 
quantity of water in the gas, and so determine the volume of dry 
gas which is present. If the gas is to be measured dry, it may 
be drawn through a tube containing pentoxide of phosphorus 
attached to the pump, and measured in a dry biu'ette. In order 
to eliminate the source of error due to partial saturation, the gas 
should be brought into con^t with pure water at the tempera- 
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tlirt! at which it is inea»uml, by introducing a few drops of pure 
water into the nicasuriug lairette. 

It is unlikely, except iii a perfectly clean and duat-ftec vessel, 
that a gas w;oul<l lung remain supersutumted. 

'I'lio vapour pressure of , water may be deterniined from the 
follnwing table: — 


VaTOCR PBEssi aks or Watkk (m* p. 238,' 


Ttfiiipeniture. 


Tpuiiieratiire. 

Frewurt*. 


8 017 lull*. 

17' 

14*421 inm. 

9" 

8*574 

18 

15*357 M 

10 

9IG5 

19 

16*346 

ir 

9702 .. 

20 

17*391 

12 

10*457 

21 

18*495 

13^ 

n i«2 .. 

22 

19^59 ,, 

14 

11*908 „ 

23 

20;888 „ 

ir* 

1 2099 

24 

29^84 ,, 

IG 

13*53f> .. 

25^ 

23*550 .. 


1 f it is jieeessary to me^ui'e the gas in contact with a solu- 
tion, the correction to be applied will, uf course, be less than for 
pure water at a corresftonding temperature. The vapour pressures 
of aciueous solutions of the ct^inoner acids, alkalis, and salts have 
lH‘en <li‘terniiucd by Bunsen and Others. Tables will be found iu^ 
Karl von Bucher’s PJiffnikaliseh-chemifcke Tabelkii. 

When a gas is measured at a fairly ^igh temp^j^re in a 
vessel containing mercury, the vapour^ {AesSui'e of mnst 

also l)c considered. The followup tigui^ fiave l^u taken from 
the determinations of Kainsay aa4 V*nng^ — 


Vapucr Prgsscrics ok Mkrccry 


Tem)>enitiire. 

Prwsurr. 

T«niDmtur% 

PNMureu 

40" 

0-008 mm. 

* 200’ ^ 

17-OS imn 

50" 

•015 „ 

220? 

31-oe 

60" 

•029 „ 

i 270" 

128-9 

70’ 

*052 ,, 

280* 

157-4 „ 

80’ 

*•093 

! 280* 

198-0 „ 

90’ 

•160 

1 300* 

S46-8 „ 

100’ 

*270 „ 

310* 

304-8 „ 

120" 

: -719 

320" 

373-7 

140* 

1763. ,, 

330* 

454-4 

160’ 

4*013 „ 

340* 

6486 „ 

180’ 

8*535 „ 

350* 

658-0 „ 


Mercury boiU at saHT (Onifl*, P. A. [2], BeibL 7, 18SX 
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Jq order to account for the chemical changes which gases 
undeigo it is necessary to assume AvogaUro’s hypothesis. The 
assumption is justitieii within the limits of ordinary analysis In 
the case of the volumes of o.\ygen and hydrogen in electrolytic gas. 
the error is only about one jmrt in a thousand (s*t‘ p. 1 :».*») if pn>ia*r 
precautions are taken. 

After measuring the gas and applying the corrections for 
temperature and pressure, its weight may lie found by multiply- 
ing by the weight of unit volume fp. 1 17). In this case it is 
necessary to detemtiue the abso/itfr volume of the gas (sec p. 1 1 U). 
In order to determine the percentage composition of a gas it is 
only necessary to know the rehtivf volumes of its constituents. 

The volume which a quantity of gas iK-eupies under statnlanl 
conditions may lie determined by one uf two methods, which for 
ordinary purposes may ls> considered as 
identical ; — 

(i) ll^' measuring its volume in a gradnattHl 
instrument under known conditions of tempera- 
ture and pressure. 

(ii) By mi*aauring the pressure which it 
exerts when expandetl or compn‘ssed to fill a 
known volume under known conditions of 
temperature. 

The constant pressure meth«Kl (i) will Im 
cotiMftered first, for although it is the less 
aocurate, the apparatus einployeil and metluHls 
of manipulation are simpler. 

A very simple and convenient form of gas 
burette is shown in Fig. .58. The ap|iarutus 
consists of a syphon gas-pipette with a two- 
way stopcock, graduated in cubic centimetres 
frond a mark on the millimetre bore tube near 
the tap. Two platinum wirc» are sealed 
through the glass as near to the top as pos- 
sible. This, of coarse, makes it quite im- 
possible to measure very small quantities of 
gas accurately,, but when rough analyses only 
are required it is convenient to bo able to carry 
out the whole operadon with one piece of apparatus. The 
reaervdr ia cylindrical, and of the same diameter os the burette. 
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A much more accurate rorm of the apparatus ia shown in the 


next ligure. The burette is of 
the same form, but a tube of 
alxiut 7 mm. iliumeler, connected 
with it at its lower end, and 
terminating in a stopcock, 
renders it possible to determine 
the pressure on the gas with 
greater accuracy. lioVh the 
burette and side -tube are en- 
closed in an outer jacket through 
which water is constantly circu- 
lated, and although the diflcrence 
in the size of the two tubes 
renders it necessary to apply a 
correction for capillarity, the 
readings are more easily taken, 
and the error due to the differ- 
ence of temperature between the 
mercury inside and outside the 
water-jacket ii^ractically elimi- 
nated. The temperature is 
determined by means of a 
thermometer placed inside the 
water-jacket. 

The operation of measuring a 
gas is conducted in the follow- 
ing manner. The reservoir is 
lirst raised till the mercury rises 
above the stopcock on the side- 
tube, which is then closed. The 
tube containing the gas is then 
brought over the syphon of the 
burette, the reservoir is lowered, 
and part, or the whole, of the gas 
is taken over. Mercury is then 
drawn into the syphon up to the 
mark. The reservoir is then 



raised till the mercury in the side-tube, which ia now opened to 


the air, is exactly on the level with the surface of the mercury 
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ill the burette. The tiiial adjust inent iiiuy l>e iiuule by luic of 
tlie methods describeil nu p, 02, The vnluiue uf the is read 
4>fr by means of a lelescojx% and the teiiHH*mlure of the water in 
the jacket is observed. The true volume is det<;rmined from 
the equation 

.. rx dTTa 

» = X ■ . 

273 + f TtiO 

where i- - oWrvtHl volume. 

K «•= eurrecte4 WruiuetriV lieighi, 

/< -= correvthm for capillarity. 

> oW-n‘c«l teiHjieraiure. 

Tlie vahie of )>, the capillarity, way 1«‘ dctcniiinc*! by aUiAving 
lH»th the syphou awl siilc-tube to stand ojh.*u to the air, and 
reading oft' the difference of level last ween the mercury in the two 
tubes by weans of a teh^aeope un‘d a scale placed Udiind the 
burette, it is u.sual to graduate a buivtte of ibi.s kind, when 
accurate work is rei(uire<i, in millimetre divisi«>n.s. 'L'he value of 
a division in different parts of the .sc^ule i.s determined by a 
methotl described on p. To, and the direct reinlings are cotiverted 
into cubic centimetres before tiie corrected volume i.s caletilated. 

The same iiistruntent may lie used for the determinaLion of 
the volume of a gas by the second luetbiHl. In this c'ose the sidc' 
tube is also divided in inillimetres, and th(.> relation |jetw(‘eii the 
graduations on the two scales is known, so that the difference in 
level between the surfaces of the mercury in the two tulws can 
be detennined from the observations. 

To take a reading by this inethtHl the reservoir is udjirnk'd 
till tbe surface of the mercury in the burette coincides exactly 
with one of the graduations. The height of the mercury in the 
side-tube is then observed, and from it the difTerence of level of 
the ibercaTy in thh two tabes is directly determined in the follow- 
ing manner. Suppose tlmt in some particular instrument, in 
which the burette add side-tube are 1>oth graduated in millimetres 
from the top, it is found that the 20 mm. mark on the burette 
corresponds to 2^1*7 mm. on the side-tube. If in any particular 
reading the observed 'difference of level is n am., the pressure 
under which the gas is confined will be li+p:t(n-" 3’7) mm. 
This method of reading is more accurate than the last, but if 
a large series of measurements are to be made the calculation 
of the results becomes somewlwt more complicated. 



VII 


MKASUREMENT OK VOLUME 


69 


When thft iipjiaratHs is umitlnyed in gas analysis, the gas, after 
its volume lias been measured, is IrausteiTed either directly or 
in a gaH-tuI)e to the apparatus containing the reagent with which 
it is to be treated. It is very important that the reagent should 
not enU*r tlie measuring burette, which should contain a trace 
of water only; if the reactions are carried out in gas -tubes 
(pp. 2(i, 27) a separate gas-pijiette (p. 28) should lie used in 
separating the liijuid aijil gas, which should Ije brought U> the 
burette in a clean tube. 

('iiiistant-viJinnr hunlti fuf ncciiratc ffnit nan/f/nis . — Several forms 
of this instrument have lieeii descrilied by Hempel, Frankland, 
and otlicrs. Tlu'y all consist nltimately of a burette which is 
connected directly with a mercury re.servoir and with a barometer. 
The gas is introduced into the burette, and the mercury reservoir 
is adjiisteil until the merenn’ in the Imrette is brought to the 
level of some tidneial mark ; the difference of level lietween 
the meicury in the burette and the top of the coluniQ of mercury 
in the liaroineter indicates the pressure exerteil by the gas when 
occupying a known or definite volume. Fmm this it is ]x>s.sible 
to calculate the volume of the ga.s at nonnal pressure. Unless the 
absidute volume of the gas is required, the volume of the burette 
need not be known ; the relative volume's of the constituents of a 
mixture will of course lie pi*o]:iortional to the observed pressures. 

In order to simplify the calculation of the results of the 
analysis of a gaseous mixture it is convenient to maintain the 
burette and barometer at constant temperature during a set of 
experiments. To eliminate the correction dti|^ to the pressure of 
water-vapour in the gas, both the burette and the space above the 
mercury in the barameter should contain a few drops of water. 

A convenient form of constant -pressure burette, and one 
callable of giving results of the highest accurac^ has been devised 
by Mr. ( 1 . N. Huntley. 

The burette a (Fig. 60) in which the gas is measured contaiim 
three opaque glass points (see p. 77), and the volumes of the spaces 
above the mercury when its surface is in contact with each of the 
three (loints is accurately known.- *' The burette is connected with 
a barometer h and with a mercury reservoir : lioth the burette and 
barometer are enclosed in water-jackets. The barometer may 
be sealed directly to the T-tnbc below the bnrette, but as the 
appamtus so constructed is very rigid it is usually found more 
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eoliveitient to insert a piece of rublK.*r tube. In order 
to eliminate danger from leakage the junction may bo 
enclosed in menniry (p. 20'. 

The burette and ItammeUir are tLxcii - on a vvtMKleii 
stand so that u ineioury-t rough (p. 20) may Im* brought 
below the sy’photi ; a gla.**8 scale is ti.\ed iiehiml the 
barometer, and is si> arranged that the reatlings can l>e 
taken by means of a telescojH'.standing on the table by 
the side of the ap|>aratus. 

The burette should W calibratinl Wdon* it is phu c*! 
in position. A capillary tap is s«-ale<l to the l«»tloni 
of the burette in place of the T-tulie; the burette 
must of course be placetl in the water-jacket )»efore 
the tap Is sealed to it. The burt*tte is ]due(Hl in a 
vertical pctsition and a current of water alloweil to flow 
through the jacket, it is then (ille«i with mercury by 
means of a funnel and nibl>er iu1h> nttacdusi to the 
lower tap. 

When tlie ‘temjjeraturc has bectune constant, the 
upper surface of the mercury i.«< Itrotighl to the mark on 
the capillary tnlie jnst in.side the two-way tap. The 
lower tap is then closed, and the rubU*r 
tube is renioveil and the funnel is 
emptied. The rublwr tube i.s then 

reatUicbeil, the tap i.s opcncHl, and 

I iiiercurj' is allowed to flow into the 

0 I funnel till the surface falls l)clow the 

1 ! I 4 upper glass point. The runnel is then 

\ I i agttin raised and mercuty allowed to 

a ^ i I flow back into the burette tilt the glass 
\ In fioint just touches the surface, as seen 

■M I i coincidence of the })oint with its 

I I inu^e. Ilie tap is then again 

V closed and the nierenry in the rubber 

tube and funnel run into a glass 
vessel and weighed. This operation is 
^ repeated in order to determine the 

I volume contain^ between the lower 

^ points and the mark near the stopcock. 

^ It is necessaiy to adopt this method 
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of calibration since, if gloss points arc useil, the surface of the 
mercury must l)e raised till it touches the point in order to 
take u reading. If the mercury is lowered it appears to attach 
itself to the jioint, and does not break away till the true level of 
the mercury is ()•! inm. or more below the point. 

After fixing the burette and barometer tube in position the 
liarometer tulx* is filled with niercurj' by raising the reservoir, or 
compressing the air inside it, till the mercury fills the chamber 
and the cup above it. Ilcfore closing the top of the barometer by 
means of the ground-glass stopper and reducing the pressure, a 
few drops of water are introduced ; the top of the barometer is 
cfrcctually sealed b}’ means of a small quantity of mercuiy poured 
into the cup. 

It is next necessary to determine the position of the glass 
points with regard to the scale, which should be fixed so that its 
jiosition shall remain constant with regard to the burette. This 
may easily Im done by means of a telescope with a cross-wire if 
the burette lies close to the scale. If the burette and scale lie 
far a]mrt, tlie level of the mercury 
in the barometer should be detenuined 
when the toji of the liarometer is 
o|ien and the mercury in the burette 
litvs in contact with one of the points. 

Or the burette may be filled with 
mercury, and the reservoir lowered 
.so that a vacuum is produced in both 
{Hirts of tlie apparatus. In both the 
latter methods the correction for 
capillarity is eliminated ; in the first 
it must be applied separately. 

As a separate check on the values 
obtained for the volumes of the spaces 
from the mark on the capillary tube 
to the three points, the following ex- 
periment may be jierformed. A 
small quantity of air is drawn into 
the burette, mercuty* is drawn into 
the capillary till it reaches the mark, 
and the mercury is iN^usted in succession, to each of the three 
points. The three rea^ngs of pressure should be proportional 
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to the volumes ubtuinwl by weij^hing with mercury, sui>}) 0 $iiig 
that the temiierature throughout the ui»jmratus is etmstant ami 
uniform, and that ei>nsei|ueiitly tlie correction lt»r ilie priwure of 
water-vaj)Our and cupiUarity can be neglected. 

Julius Thomsen (Zeit, An, Chtuni*^ \) has deseriK**! u 

very accurate method for measuring large volumes of gas. Tlu* 
gas is introduced thixmgh the stope<K*k a into the reserv*»tr A wliieh 
also communicates with a water U-mam»ineter through the stoji- 
cock h. « The volume of water in A can ^»e adju>ietl by *>|n‘iting 
the stopcock c and altering the pn ssure in Ib which eonummit ai^vs 
wdth a large gasholder through */. The water is sutunitinl with 
the gas to be mea^nreib H ami the lai'ge gasledder are tilled 
with the inline gits. The volume of in A is »lt‘leniiined by 
disetmnecting it from 1* and weighing it befmv and after tlie 
experiment. 
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.SiNcK tins glasH tnlws from wliich gas liurettes ami other piecra of 
aiipanitus are made are mndy, if ever, truly cylindrical, it is often 
necessjny t<» <letennine not only the total cajjacity of the 
apjKiratua but the volume corresponding to each division of the 
scale. The volume of the apparatus may be calculate<l from the 
weight of mercury which tills it at temperature f. Where W is 
the- weight of the mercury in grams ami V its volume in cubic 
centimetres, 

V^Wjl + 0001«I6/; 

13M)6 

If water is used instead of mercury the volume may be 
deteniiined from the following table in which the volumes of one 
gram aiv e.xpressed in cubic centimetres : — 


ir 

100012(5 

16 

1001025 

r 

070 

17 

1193 

2 

030 

18“ 

1373 

r 

007 

19" 

1504 

r 

000 

20 

1768 

5 

008 

21 

1981 

c 

031 

2r 

2204 

4 

069 

23 ^ 

2438 

S 

122 

24“ 

2681 

9 

188 

25 

2835 

10 

269 

26" 

3199 

11 

363 

27 

3472 

12' 

470 

28 

3788 

13^ 

590 

29 

4045 

14“ 

722 

30^ 

4346 

15" 

867 

31" 

4656 
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The weight of a litre of water at 4* C. is taken to be 1000 grama. 
This is not, of course, exactly true for the standard, the Paris 
kilt^am, but it ser\*es as a convenient siandtmi for phy.su*al 
observations, and the results are always capable of further 
correction. Tlie actual results for the weight of a litre, of water 
vary l>etween 1 000'01.‘l and DOO-Si! grams, a diHerence of O’OO 1 f> 
per cent. 

.cVssuming the density at 4' C. to Ih‘ unity. Sehoel t U’m/, 
Ann., 1892, 47 , 400) has found that the densiiy at 0" f. is 
0-9998T48. 

Ca/i^nUton o/ the simile fjos-memurimj Tile iuIh* is 

carefully cleaned and tixinl in a vertical position, inoutlt upwunls, 
in a clam{i. A reading telescope is placoil at such a distance 
that the graduations on the surface of the tulH\ and the top of 
the meniscus of the liipiid in the tidie, can Ih> distinctly S(*<*n at 
tlie same time. 

Successive quantities of mercury, whi*'h have Ihvu either 
weighed or ineafliiKHl, are iutr<Nlucod into the tuiai, and the ]Kisi- 
tioii of the iueni!M.nis is reatl ofl’ after each addition. The mercury 
should be poure<l into the tube tlmnigh a funnel, which is ilriiwn 
out in the blowpi|»e Hame to a suflicient length to reach to the 
bottom of the tnlie. If any air-huhhles are formed b»*tween the 
merctny and the glass they may Iw removetl by means of a long 
strip of wixkI. 

Tlie quantities of mercury which are introduced may be con- 
veniently mcasnred in the following manner. The edges of a 
small thick- walled glass tube are ground to fit a glass plate ; 
wooden tiandles are cemented both to the tube and to the plaU;. 
Hie tebe is filled with mercury and the plate pr(>ssed on to the 
top of it while the tube is held over a basin. Tlie plate is then 
removed, and the mercury is poured into the tube, which is being 
calibrated. 

In this way the capacity of the tube between any two divi- 
sioiis may be determined, but it is not possible to find directly 
its capacity to any division when it contains a gas confined 
over mercury. We know the volume aiM, we require to know 
the volume aedc, and the difference between these two volumes 
is bdb'e'ie. 

While the tube is still fixed in the clamp the position of the 
meniscus is read, and a drop of mercuric chloride is sliowed to 
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fall oil the surface of the mercury. ITie surface now becomes 
Hat, und the difference A between the two readings is equal to 
half the volume Mb'cilr. In order then to 
obtain the wihimes of the tube with regard to 
the giwluatioii when the closed end is upper- 
iiuisl, it is nwesHary to add 2 A to the values 
first obtained. 

When it is {sissible it is advisable to 
avt»id the necessity of applying the correction 
for meniscus, which is diflicult to determine 
accurutely, and to calibrate the instruments in 
the position in which they are used. In the 
case of the siiiqile gas burette (p. 66), a capil- 
lary tap is scaled to the lower tube, and the 
burette is filletl to the mark near the tap with 
mercury by means of a funnel and rubber tube. 

Successive quantities of mercury are then run 
nut into a small flask and weighed, and the 
))osition of the meniscus is determined at each 
weighing; the side of the burette should be tapped with the 
finger before the reading is taken in order to make sure that 
the meniscus takes its normal form. If the burette ia fitted 
w'ith a side-tube for levelling the operation is similar. The side- 
tube is completely filletl with mercury, and the tap at the top of 
it is clo-sed ; if no air-bubbles are present none of the mercury 
in the side-tube runs into the burette, although the difference of 
level in the two is considerable. 

While a buivtte or similar piece of apparatus ia being 
calibrated it must lie kept at constant temperature, preferably by 
means of an outer tiilie through w'hich a current of water is 
flowing. 

From the telescope leadings and weights of mercury the 
capacity of the instrument in cubic centimetres can be directly 
calculated. The results may then be plotted on a curve from 
which the volume corresponding to any numbers of divisions may 
afterwanls lie determined. If the burette or tube is truly 
cylindrical the curve will lie linear. This is never actually found 
to be the case, but the error may be so small as to render it 
negligible for most purposes. 

The volume may be conveniently expressed in grams of 
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mercury when comptirutive ineatMurenieiiLs only are requireal. If 
several pieces of ap^ninitus are empluyeil. ii is important that the 
volumes are all ultiuuUelv ivfernsl to the same sUiikIuoI weitrhts 
(p. 119). 

of <( mpitfiny tviH . — fapillnrv ttila' of reyiilur 
bore is very ilifileult to ohtain. ais the motion given l*i the ghiss 
while it is being drawn ivsnlts as a rule in the formation of 
alternate wide and narrow seetions. l.<ud-‘«l)»ss tiiU> is usually 
more regular than sotla-glass luW. 

(i) When the tufit- in ui t-ai/v -Tlie tuU- should 
either be graduated on the gla-ss. or the p»siiion of ditVemu jioints 
in the tulje should lie lietermiued by relation to a mark on 
the tube and to a mirror scale on which the ttiU- is laiil. If 
the reatling-S are lie taken with tvialioii to ot-aduations on 
the tuljc a vertical readiim teles<-o]H* should Iw* usetl, or if tliis 

instrument cannot lie 
obtained a sheet of 
silvered ghuss must Ik- 
phned nndernenth it. 
In order to determine 
the volume of the lubt? a thtjunl of mercury almut 'J cm. long i.s 
drawn up into it and its length is ineiisured at differvut }H>ints 
in the tube ; the valne.s so obtained art; plotted ugain.st the position 
of the middle jioint, b, of the thread. 

Since the ends of the thread of mercury an* curved surfaces 
it is necessary to apply a correcuon for meniscus U*fore the 
true vedume occupiwl hy the mercury can Ixj deU>riiiincil. If the 
capillary is less than O'o min. in diameter the meni.Hcus may he 
taken to be hemispherical, and if the surface were flattcnerl, the 
cylinder of mercury which would be formed wouhl only have the 
height f r, where r is the radius of the tube. 1 1 is necr^ssary, 
therefore, to subtract ^ r from the length of the threiul in nr«ler 
to determine its tme length. If the tube is more than 0'.'* nun. 
in diameter the height of the menisens, h, must lie scparutely 
detennined. 'fhe correction then becomes ^ h. The nulins of the 
tube may be measured by means of a microscope with a micro> 
meter eyepiece, or in the case of very line capillary tube may be 
<»lcalat^ sufficiently closely on the assumption that the volume 
of a section of the tube may be directly calculated from the 
observed length and weight of the mercury thread. 
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Thu luurcHry iu tinally run out iiiU) a small o]ass vessel 
and wui;;hu(l. 

A siinplur uiid prolttihly more accurate method of calibratmg 
Cfunllary ladies is a.s follows, A short thread of mercury is 
drawn into the tul»* and its position is mljusted so that one end 
of it is clo.se to tlie first division ; its length is determined and 
it is run into a crucil)le and weighed. A second and somewhat 
longtn- tlm*ad is iliun »hawn into the tube, and its position is 
udjusteil till one end lies nearly in the same position as in the 
first case ; the length and weight are again determined. This 
• •peration i.s reijealed with longer and longer threiids until the 
(“apacity of the whole tulje has been detemiined. 

(ii) When l/i>: fnh,' is cUml at oii>- end. — Where it is possible 
the calibration of the greater jawtion of the tube should be 
carried out before the tube is closed. In onler to determine the 
volume of the closed end of the tube a little mercury is iiitro- 
dneed !i8 licfore and 
the enclosed air is 
sucked out by means 
of a piece of glass 
t>il»e drawn out to hair thickness. The length of the thread is 
then determinwl, and the value of J >• is subtracted to allow for 
the ineni.stMis at n. The fine glass tulie is again introduced into 
the cttpilhu-y, ami the mercury is blown tait into a glass vessel 
and weighed. 

(iii) 1/ thf ntpUlarg is i-lmd at both auls, as in a ther- 
mometer, it is only possible tf» determine the relation between 
the diameter of the tube in different parts. This condition is 
not likely to occur in the manipulation of gases, but a description 
of the process commonly employed for the calibration of such 
instruments can be found in Ctetwald’s Phi/sieo-Chemical Meoiure- 
ments. 

Calibration o/instniments in ichieJmn opaqut glass point is used 
as an indicator. — As has already been stated, the most accurate 
method of bringing the surface of the mercury in a vessel to a 
certain level is by the use of the black glass point used by Von 
Jolly in the analysis of aii. Since the mercury must always be 
raiseti (p. 7 1 ) till it just touches the glass point, special methods 
of calibnitioii must be employed. 

Sometimes (p. 1 19) H « necessary to fill the apparatus with 
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mercury or water and weigh it ; these cases will Ik> dealt with 
as they occur. 

Where it is impossible to introduce mercury or water into 
the apparatus, air must be used to determine the volume. The 
apparatus is filled with air under conditions of tompc'ratiire and 
pressure which can lie determined, and the volume of the air, 
which is removed by means of a pump 'Cliap. II.) and uanTuIly 
collected, is measured in a carefully calibratinl gus burette. 



CHAPTER IX 

GAS ANALYSIS 


AbKorptioii of hy solid or lH|uid reagents— General principles — Methods of 
manipulation, af)|Niratus, etc. — Oxygen — Hydrogen — Carbon dioxide — 
('arl)Oii monoxide— Ethylene — Acetylene— Estimation of benzene — Combus- 
tioti of gases. 


Thk most convenient method by which the composition of a 
gaseous mixture can be determined consists in the snccessive 
absorption of its constituents. The absorbents may be either solids 
or liquids with which the gases react chemically or physically. 
The quantity of any particular constituent can be determined 
either by me^urit^ the decrease in volume produced by treating 
the mixture with excess of the reagent, or by bringing a known 
volume of the mixture into contact with a measured quantity 
of the reagent, and determining the amount of it which has 
undergone change. The subject will first be considered generally. 

Suppose that in a gaseous mixtute it is necessary to determine 
the quality of one constituent, A. ’{‘he gas, after teiug measured, 
is brought into intimate contact with a reagent which absorbs 
this constituent, and the unabsorbed gas is again measured. Now 
if the gas A, which has been absorbed, forms a coippound with the 
reagent so .stable that its dissociation pressure approaches zero at 
the temperature of the experiment, the residual gas may be 
consider^ as quite free from it, provided that excess of the 
absorbent were present, and that sufficient time were allowed for 
the reaction to become complete. If, on the other hand, as in 
the case of the absorittion of carbon monoxide by cuprous chloride, 
an unstable compound is furmed, it will be necessary to treat the 
mixture more than once with fresh quantities of the reagent, in 
order to completely remove tire constituent wliich is undergoing 
absorption. 
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When nsing litiuid reagents a source of error presents itself 
which is nluio.st absent when solid reagents are usctl. When a 
mixture of gases is brought into contact with any liijuid the 
constituents are dissolved in pro]iortion to their solubilities, and 
to their partial pressures. Similarly, gases already in solution in 
the liquid are given off in like proportion. When, therefore, 
liquid, i^geuts are used, the change of volume of the gas may 
be greater or less than the..vplume of the constituent which the 
reagent is intended to absorb, lids ‘source of error may be 
eliminated by bringit]^ Uie reagent in contact with a gas of similar 
composition to that wbidi it is intended to anulysa The error 
would disappear if the saipe I'eog^t were being used for a 
number of similar analyses, hut would be increased if it' were 
ueceraary to treat the ’gas repeatedly with fresh quantities of the 
reagent. 

Sometimes the gas is exposed to the actton of liquids or 
solqtions on the sprite ^bf porous substances such as coke balls, 
t'his method may, liqwei^er, lead to the rntrodpcti^iin of truces of 
air. ^ 

. lire u.se o^k>Iid reagents, ot of solid reagents ih contact with 
a thin layer of liquid, lends nbdottbtedly to', the . most, accurate 
results in the analyses of gascous^^.ipi^'ni^ number of 

solid reagents -which can be psed.is, however, limited, and the 
opemthms involved aie as a rule more difficult to conduct. 

methods of maMp^atiqn, ,Ue. — Unless a large 

nunxber of analyses am toiihe made, it "liv hardly r^orth while 
i&pfeying gas pip<^tte^' permanently filled with the reagents. 
Fi^pccasioual aua^'sht the gas undeaoxamiqatioh may Ije treated 
wil^ the .||tuipos. reagents, contained in glass tubes over mertmrj^ 
A is fi^d siith mercury, and a small quantity of a liquid 
ref^^t is introduced into it. by means of a glass pij)ette with a 
eurvid point. . The tube, is then brought over the i^phon of the 
measuring burette, and the gas previously measured is allowed to 
babble through the mercury and Ipyer of the reagent, and to 
fill the top of the tube. The meas^ng burette is then raised in 
its ebunp so that the. point of the Isyphon is clearly seen above 
the surface of the, reagent in the tube, the reservoir of the 
burette is lowered, the tap is opened, and the gas is drawn out 
of the tube. 

In order to avoid introducing the reagci^ into the burette it 
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is necessary to take great care, when withdrawing the gas from 
tile tube, that no liquid enters the capillary syphon. When nearly 
all tiie gas has Ixien drawn into the burette the tap should be 
almost closed, to make it possible to check the flow at the 
moment that tlie last trace has been drawn over. The point of 
the Imrette should then be brought beneath the surface of the 
mercury, either Vty lowering the burette or by lifting the tube, 
and mercury should lie drawn into the capillary to the fiducial 
mark. 

It is practically impossible to regulate the flow of gas into 
the burette by adjusting the height of the mercury reservoir. It 
is found far more convenient to lower the reservoir fully, and to 
legulate the flow of gas by means of the stopcock. Much time 
and trouble may be saved by employing a second syphon burette 
in separating the giis from the reagents. The gas is transferred 
in a clean tube to tiie measuring burette, which is thus kept free 
from the reagents. 

In this way it is possible to treat gases with reagents such 
as caustic soda, sulphuric acid, ammoniacal cuprous chloride, with 
other reagents which do not attack the mercury, or even with 
fuming sulphuric acid. 

The Octtel gas pipette and its modifications are more suited 
to the purpose of commercial gas analysis, and have been fully 
described by Hempel and others. 

A convenient form of gas pipette for use with either solid or 
liquid reagents is shown in Fig. €5. By 
means of a two-way millimetre-bore stopcock 
tlie tube a may be placed in communication 
cither with the interior of the pipette or 
with the open thistle -head funnel b. The 
tube a can be directly connected with the 
measuring burette, or with a second burette, 
as already described, by means of a piece of 
thick -walled rubber tube, and the pipette 
can be conveniently supported by means of a 
clamp. 

The pipette is first filled with the reagent, 
or with the reagent over mercury, a small 
quantity of mercury is placed in the funnel b, and the tap is 
turned so that the mercury flows into the tube a, e.'cpelling any 
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trace of the reagent. The pipette is then ctnuieetetl witli the 
measuring burette, and the gsis i.** allowed to How into it and to 
stand in contact with the reagent for ns long a time n.s is 
neoessiiry for complete absorption ; the Ihiuid is iMintially expclleil 
into the open part of the pijxjtte. The ga.s is tlien ilruwn back 
into the measuring burette, the liipud being allowed to list* in the 
pipette till it just tills the jiassage in the ]»lug of the stopcock. 
The gas whicli remains in the connecting lnla*.s is ilrawn into the 
burette by tturning the stoiicock so that a little of the nicrcurv in 
b flows into a. 

In order to e.xpose a greater suilace of li<|uid to the gas the 
pijiette may be packed with vertical ghtss tnla's. 

If the pipette is used with a solid reagent in presence of 
water or mercury, the soliil is introduccil in sticks tlirough tin* 
opening c. The o|H;niug may be couvenienlly eloseil by a glass 
stopper of smaller diameter covered with a piece of rubber lulie. 
(rround stoppers often become fast and cannot la* rt'timvcd 
without breaking the pijiette. 

If the reagent is likely to deteriorate by contact with tlu* 
air the opening in the second chamber may 1 hi closed by ni(*ans 
of a rubber Ixilloon, and the chamber filled with hydrogen or 
some inactive gas. The gas e.xj»elled from the chamber by the 
rising liquid jxiases into tlie Vialhsm. lIublMir balloons cannot lx* 
used in the case of fuming sulphuric acid or other corrosive 

liqiiiils. 

AtioUicr form of gtis 
pipette (Figs. tWi and fiT) 
l) 08 sesse.s the additional ad- 
vantage that the gas which 
enters it passes through the 
reagent and doe,s not nuirely 
come into contact with its 
surface, in this instrument, 
which may be used in con- 
nection with a gas burette 
(Fig. 07), or which may lie 
constructed so that it may 
he used inde]>endently (Fig. 
66), the lube a is connected at will through the stojicock either 
with the top of the pipette, or with a tulie h which reaches to 








Fid. 66. 


Fio. 67. 



IX 


(;as analysis 


83 


its lower end. The jiijiettc must contain sufficient mercury to 
cover the ojienin*' of h. 

The gas is introduced into the pipette hy placing « and b in 
eommunieiitiitn, and adjusting the pressure so that the gas rises in 
hubhhis through tlie reagent. When the gas is expelled from 
the pipette, the stojx'oek is turned in the opposite direction and 
the li([uid allowed to rise till it fills the passage in the tap: 
the e.onneeting tubes are cleared by means of mercury drawn up 
through b. 


Alhwiiliuii of ffiisrx by mlid or liquid reagents 

OxvfiKN — Ity potassiimi pyroguUute . — This methoil should 
not lie employeil if the residual gas is intended for spectroscopic 
examination, since small quantities of carbon monoxide are 
always evolved. Ilempel recommends that a solution of the 
following composition should be used : — A solution containing 
o gin. of pyrogallol in lo c.c. of water is mixed with 120 gm. of 
caustic potash dissolved in 80 c.c. of water ; the liquids should, if 
possible, lie mixed in the pipette.' Stronger solutions evolve 
carbon monoxide in presence of oxygen. 

By i>hnqihuri(s in. the eold . — A pipette (Fig. 60) is filled with 
thin sticks of phosphorus and water. The gas is run in ami 
allowed to stand for a few minutes when the whole of the 
oxygon will be absorlied. The pipette must be painted black on 
the outside, othei wise the phosphorus will become coated with the 
amorphous variety owing to the action of light This is the safest 
method for the aljsorption of oxygen in the analysis of a gaseous 
mixture. The presence of hydrocarbons, sulphuretted hydrogen, 
etc., appear to interfere with the oxidation of the phosphorus. 

By phosphorus vapour. — Small quantities of gas may be 
conveniently treated in the following manner : — A small piece of 
phosphorus is dried, rubbed between the fingers below the surface 
of the mercury in a trough, and introduced into a dry gas-tube 
previously rilled with mercury. The tube is then wanned, and the 
phosphorus which rises to the top melts and adheres to the glass. 
The gas is next introduced from the burette, and the phosphorus 
vapourised by warming the tube with a Bunsen burner; the 

‘ Clowes {B. A. Report, 1896, 747) finds that a solntiou of 10 grains of pyrogallol 
and 160 gms. of caustic ]>otash in 200 c.c. of water gives practically no carbon 
monoxide. 
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whole of the oxygen is iunnediately ahsorbeil, and the water is at 
the same time removed through the formation of phosiihorous and 
phosphoric acids. If the gas contains imieh oxygen, only a few 
cubic ceutimetivs should be introduced before the phosphorus is 
again warmetl ; the remaining gas is then allowed to run into the 
tube sufficiently slowly to prevent the combination becoming tiMi 
violent. This method cannot, of c»»ur.sc, Ih> used if the gas 
contains H,, CO, etc. Care must lie taken that the point tif the 
syphon of the burette does not come in contact with the melted 
phosphorus, or it will become plumed. 

Globules of yellow phosphorus for this purjKise may lie made 
by melting the solid below water in a test-tube, drawing it into 
a pipette, and allowing it to How in a stream into a tleep cylinder 
filled with cold water. 

Metallic capper . — Von dolly {U’mleniiaan's Annalen, N.F., vi. 
•520), in his determinations of the comp^isition of air, used a 
spiral of copper wire heated by moans of an electric current for 
the absorption of the oxygen. I'hc uw'thod is not, howt'ver, easy 
to apply. 

If a gas consists almost entirely of oxygen, and contains a 
small residue which it is intended to examine .spectro-scopically, the 
oxygen is conveniently removed by heated copjxjr. A hard glass 
tube closed at one end and filled with reduced copper oxide is 
attached to the appitratus employed for the absorption of nitrogen 
by calcium (Fig. 70, p. 102). The gjis is intniduced into the 
burette, allowed to How into the heated tula?, which is previously 
exhausted, and finally collected through the pump. 

Bp metaUie cupper in contact with an alkaline solution . — 
Hempel has shown tliat copjier gauze in conttiet with a solution 
containing equal {tarts of ammonia solution ('880), and water 
saturated with ammonium carbonate, absorbs oxygen with great 
rapidity. Tlie gauze is packed in rolls into a pipette (Fig. 65) 
which is filled with the solution. This method cannot be used 
in presence of carbon monoxide and acetylene, which are also 
absorbed. 

Ferrous and chromous hydrates have been used ns absorbents 
for oxygen, but they appear to possess no particular advantages. 

Hydrogex. — No liquid absorbent is known by means of 
which hydrogen may be removed from a gaseous mixture Hempel 
states that hydrogen may be separated from a mixture of gases 



IX 


(:as analysis 


85 


Ity direct ubscrjitiou by Hj»ongy pulladiuiu, obtained by heating its 
double chlorule. 

Since, however, sjiongy |)alladinm loses practically the whole 
of its hydrogen at the onlinary temperature of the air when 
l>laced in rnriio, it would seem impossible that this method 
could give accurati! results. Indeed, it was found that when an 
attempt was made to niinove the hydrogen from helium only part 
<if the gas was absorbed. 

//// iifliii'in. — See p. 10. '1. 

Jlj/ xoi/lnm Of jiolnmum. — The absorjition of hydrogen by 
sodium and potassium was investigated by Troost and Hautefeuille 
(see !>. 42). dafpielain attempted to apply the method to the 
sejiaration of hydrogen from hydrocarlxms, etc. (An. Ch. Ph. 
74, 20:*i.) It is not. however, very satisfactory in its application. 

('Aitiiox DioxiDK. — This gas may lie removed from a mixture 
by absorption, by means of a solution of caustic potash, or by 
means of solid jiotash jilaced in a burette for solid reagents. 

(Jarbon (Un.ntlf in aif. — (A monograph on this subject by 
Letts and lilake, Dublin liuynl Society, 1899, 1900, contains very 
full information.) The method usually employed for the estima- 
tion of carbon dioxide in air consists in absorbing the gas 
contained in a known volume of air by a standard solution of 
liarium hydroxide, and titrating the excess of alkali with oxalic 
acid. This method, first rendered practical by Pettenkofer, has 
been modified by Winckler, Itesse, and others. 

Since Itarium hydroxide attacks the glass vessels in which 
the operations are conducted, and in which the standard solution 
is stored, they should be coated internally with a thin layer of 
paraffin wax. This may easily be done by pouring the melted 
wax into the bottle which has previously been wanned, and 
allowing the excess of wax to drain out. It might also be as 
well to coat the inside of the pipettes which are used in the 
analysis ; this, however, would involve the necessity of redeter- 
mining their volumes. 

The following solutions are required : — 

(a) A solution containing 0’6325 gm. of pure crystallised 
oxalic acid in one litre of water ; 1 c.c, of solution is equivalent 
to 1 C.C. of carlHiu dioxide. 

(b) Stock baryta solution containing 1000 gm. of barium 
hydrate, and ftO gm. of Imrium chloride in 5 litres of water. 
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(r) Dilute baryta solution obtainoil by adiliu^j: ilU c.e. of the 
strong solution to 1 litre of water. These sidutions should be 
kept in large bottles, and drawn off by means of a syphon 
passing through the cork ; air is admitted the b(i4,tle llirough a 
tube containing siKla lime. 

(tf) A solution containing 1 gm. of jdienol jdUhahdn in ‘Job 
c.c. of water. 

The strength of the baryta solution jis determined by running 
into a small flask from a burette nearly sutlieient (»xalie acid 
solution to neutralise a known ijuaiitity (lt> or lio e.c.) »>f tlie 
l>aryta solution. The baryta solution is then added from a 
jdpette, phenol phthalein solution is added, and the oxalic acid is 
run in till the neutral point is reach(‘d. It is. j.erluips, more 
convenient to add the indicat<*r directly to tlie baryta solution in 
the bottle. In this, and in all subsequent titratituis, the jibemd 
phthalein should be added from a roughly g]aduated pip(*tte. 
The amount of the indicator addetl should be proj)ortional to the 
quantity of solution used. 

The carlx)n dioxide in air am W estimat(‘d by running a 
quantity of baryta solution from a pipette into a large glass 
vessel of known capacity, waxed iii.side, and fitted with a ground 
glass or rublxjr stopper. xVfter thor<»\ighly shaking, tlie excess of 
baryta is titrateil with oxalic acid. 

This metluMl is not very accurate, siiic(‘ when the stoj)per is 
removed, fn^sh air, containing carbon dioxide, <*nters by diffusion. 
W. Hun has modified the proce.ss in such a manner as to (diminate 
this source of error. 

Thick-walled Erlenmeyer flasks, varying in capacity from 
500 C.C. to 60 C.C., are fitted with two-hole rubber stopjKirH; tlie 
boles are closed by pieces of glass t<h\. The caimcities of each 
of the flasks, up to a mark on the neck to which the stopjau' 
tits, should be determined. A 10 c.c. pi[)ette, and a burette 
made sufficiently long below the tap to pass through the stopp«.*r.s 
of the conical flasks are also required. 

Air is drawn through one of the flasks hy means of a suction 
bellows (p, .Mo), and a (juantity of liaryta solution is introduced 
by inserting tlie point of the pijietUs filled with the solution, into 
one of the holes in the stopper of one of the flasks. The glass 
rod is slightly withdrawn from the .second hole to allow air to 
escajie; it is then again iii.scrted, the final drop of solution is 
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oxpt 3 llt*(l rrolii lh(i i)i})ftlU3 liy closing ilin upper end of it with the 
linger and wanning it with the hand ; the pi])ette is then with- 
ilrawn, and th(^ se(!ond liole is plugged. 

AlltT thoroughly shaking, the point of the burette, which 
contains tlie oxalic acid solution, is introduced in the same 
manner, and the acid solution is run in till tlie colour dis- 
a])])ears. 

T}k‘ dillerencc hetw(‘en the titre of the l)aryta .solution added, 
and the (juantity of oxfflic acid solution u.sed, give the volume of 
r arl)on dioxide; in cul)ic centimetres. The volume of the flask, 
h*ss JO C.C., gives the volume of air used. 

(airl)on dioxide has also Ix^en determined gravi metrically by 
j)as.sing .a large voluim* of air, drie<l by passage through tubes 
containing sulphuric atud and jaunice, through bulbs containing 
a solulitai of caustic potash. 

Cakuox monoxii>K 7*7/ ammoniaral rtfjfroifs rhloruh . — The 
solution is jirepared as follows: — 28 gnis. of copper oxide, dis- 
s(»lv(*d in about 500 (*.c. of concentrated hydrochloric acid, is 
iillowec] to stuiul in a tla.sk tilled with copper turnings till the 
solution has lost its colour. The solution is then j)oured into 
an inverted hell-jar tilled with water; the cuprous chloride is 
allowed to .settle, and the Ihiuid is run off by drawing down the 
glass tultc, which passes thi'ough the cork, to the level of the 
])recipitate. Tlu^ precipitate i.s washed with water, run into a 
.■>00 C.C. Ha.sk with about .'100 c.c. of water, and ammonia passed 
into it till the precijiitate dissolves. The air may be excluded 
by jwasing ('()., into the flask from a Kipp’s apparatus. Tlie 
solution is finally made up to oOO c.c. with boiletl water. 

Since the proiluct, which is probably a direct compound of 
the type <'u„CUnC(), is very unstable {C. r., 18'.) 9, 128 , HT), the 
gas must be treaU'd more than once with the. ammoniacal cuprous 
chloride .solution to eliminate the whole of the carbon monoxide. 
It is usual to employ two pijiettes, one of wliicli contains a 
solution which has hwii used many times, the other containing a 
fresh solution. The s(»lutiou must Isi jirotected from the air in 
the open limb of the piixitte. The pipette may be packed with 
copper gauze. Acitf citjirnus rhloride does not seem to be such 
an eflieient absorbent as the alkaline solution, and as it reacts 
with mercury it is diflicult to manipulate. 

It must be remcmliered that acetylene also combines with 
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atnmoniaeul cuprous chloride to form the retl compound ; 

this can, however, be iimnediattdy recoiinisiMl. According to 
Hempel, etliylene is also very soluble in this reagent. 

The defection and estimotUni of snudl iiiionfitU\‘t of tvj'hnn 
'monoxide in air (J. Phj/sini., 1S1L'», xviii. 40 1, Ihif. .!)«. lieport, 
1895). Ha-moglobin, the colouring matter i>f blood, forms addition 
compounds both with o.xygen and with carbon monoxide. Itotli 
compounds dissociate easily, but the carlwinic i>xide derivative is 
much the more sUible of the two. In )ire.senee of both oxygen 
and carlwn monoxide the h;emt>globin distributes itself iM-tween 
the two gases; the nitio between the ammints <»f oxyhienioglobin 
and carlxixyhtemoglobin l«?ing equivalent to the ratio of the 
partial pressures of the gases in the mixture, multiplied by a 
constant. The percentage of oxygen in air, or other gaseous 
mixture.s,, can easily !.« determined, and. if the value of the 
constant is known, the (piantity of carbon momtxide can l)e 
calculated after finding the relation between the (piantities of 
oxyhoDinoglobin and carboxyluemoglobin in a sohition of liluotl 
w'hich has been in contact with the gjis. 

Taking advantage of the fact that a dilute .solution of oxy- 
luemoglobin has a yellow colour, while a solution of carboxy- 
htemuglobin is pink, it i.s ea.sy to determine, by a colorimetric 
method, the projKirtions in which the.se .substanc(*s are present. 
The following solutions are required 

■A 5 fier cent solution of <letibrinate<l ox blouii. The blood 
may be kept in a corked bottle; the solution must Iw' ])repared 
fresh. 

A solution of carmine. One gram of ciinninc is mixed with 
a few drops of ammonia in a mortar, and dissolved in 100 c.c. 
of glycerine. Ten cubic centimetres, diluted U) one litre with 
water, forms the standard solution. 

The air to be examined is drawn through a fla.sk of nl>out 
200 C.C. capacity, fitted with a well -paraffined cork, through 
which pass two glass tubes, which can Isi closed by means of 
rubber tubes and stoppers. About 5 c.c. of the blood .solution is 
drawn into a pipette, the jxiint of which is introduced into one 
of the rubber tubes from which the stopper is removed, air being 
allowed to escape from the flask by loosening the second stopper. 
The pipette is then withdrawn, the opening closed, and the flask 
shaken very gently for about five minutes. 
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The liquid is then transferred to one of three test-tubes of 
exactly the same dianuiter. In another of the test-tulies 5 c.c. 
of tlu^ original blood solution is placed, and in the third the same 
quantity of tjie blood solutum which lias been saturated with 
carbon monoxide by shaking with coal gas. 

Standard carmine solution is now added from a burette to 
tli(^ second tost-tube, till the tint of the liquid is the same as 
that of the solution which has been saturated with carbon 
monoxide, ami to the lirpiid in the first test-tube till the same 
tint is produced. 

If .#* c.(*. were add(M.l in the first case, and // c.c. in the 
second, wi; have 

V 

X X 100-^S, 

It 4 5 J' 

whine S is the percentage saturation of the bl*>od shaken with 
air containing carbon monoxide. 

The quantities of carbon monoxide in the *air may be 
calculated from the foll(»wing table ; — 

IVro'iitajje .saturation. (’ari»on monoxide in air. 


10 

0-015 

per cent. 

20 

004 


30 

0-08 


40 

012 


50 

0-lG 


(JO 

0-22 


70 

0-30 

»• 

80 

0-80 


1)0 

1-2 



Thu niethcKl gives fairly accurate resuils for quantities of 
carbon monoxide in air between O'Dlo and 1 per cent. .If 
greater quantities are present the gas must be diluted with air. 

The only obvious source of error in the process might be 
due to the absorption of the carbon monoxide by the reagent, 
and consequent decrease of its i>artial pressure in the mixture. 
'J'he <piantity of the gas wliich is absorbed by the hamioglobin is, 
however, too small to come within the limits of experiment. 

Dr. Haldane has also investigated the dis^iation pressure of 
carboxyhamioglobin (J. Physiol, xviii. 453). 

Vogel {lie.r. 10, 792 ; 11, 235) was the first to make use of 
the hiumoglobiu method for the detection of carbon monoxide, 
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but he \vas unable tu detect the j^:as in a mixture cnntaininu: 
than 0*2 r> per cent of it. 

Tit* reJurfioH of io*h‘c unhjpi r'uh‘ by ciU*lH)n inonoxiile has 
been employed by Xicloux {C, r.. 126, T+d], and tJantier 

((7. 18!)8, 126, 931 ) in estimatin**: the ([Uantity of it in air. 

HYOUOCAimoxs. — tjualitative tests for !iydrocarb<»ns, 
(Philips, Ann, Ch. J, 16, : 

(i) Solutions of palhalinm chKuide are reiliu*ed by carbon 
monoxide, with formation t)f carbon tlloxide: the latter i> not 
formed in the case of oletiues. 

(ii) Ammoniacal silver nitrate <:ive> a yellow precipitate with 
acetylene, but is not altered by olefines ; carbon monoxide ri‘duces 
it, prodiicimj: metallic silver. 

(iii) Platinum chloritle yields carbon dioxide with (aibon 
monoxide, but it is mU immediately reduced to medal : eihxleiie 

produces no chanue. 

Kthyiknf. may be absorlanl from a 
mi Mure of jrase.s, eitlu»r by fumiiiii* suljdiuric 
acid <»r by bromine water. 

\K fnnun*i snl/i/innr ucitf ]> used, it slaudd 
conUiin abotii 10 per cent of suljihur Iri- 
oxkh*. Tin* ficid should be* contained in a 
pij)etle for lH|uiel rt*aoents tie), and 

its exposed surface should be* j»role*(*te*d iVom 
the air while* not in use. After tn*atmenl 
with fuininj^ sulphuric acid the j^as mu.st 
he passe*d into a jnpette conbiinin*; caustie! 
potash, to ab.sorb the acid fuim^s. 

It must not be forgotten that fuming 
'iuli»hurie acid absorbs not only the* e*thyl(nic 
hydrocarbons, but also ac(3tyl(‘m*, and the 
vajM^urs fif aromatic hyelrocarhmis .such as 
Ixmzene. 

Bnmiivi waB:r is (3qtially efficient as an 
absorlKiiit for hydrocarbons of the etbylem^ 
series, and does not absorb the vapours of 
the aromatic JiydrcKjarlKuis to such an extent. 
Since bromine reacts very rapidly with 
mercury, it is neceissary to ennjdoy a 
pipette (Fig. G8). The gas is drawn into the 
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]>i|)(aUi iiiul llie pimsure is lowiTed till the mercury fiills below 
lh(* lower stopcock, whicli is then closed. Excess of bromine 
water, or, if mucli ethylene is jjresent, of bromine, is poured int«j 
the euj) coniuHited with the upper stopcock, and run into the 
]iij)ette; after shakinj^, potash is run into the pipette, and the gas 
is transferred to a liibi*, and afterwards to tlie measuring burette. 

Acktvlknk (Prejiaralion, see j). olj). — Although acetylene can 
be directly absorbed l»y fuming sulphuric acid, or by bromine 
water, it is not usually convenient to use these reagents for its 
»*slimation, since they also lake up ethylene, etc. When alkaline 
solutions of certain mercuric, cujirous, or silver salts are shaken 
with a(^etylene, the wh<»le of the gas is absorbed, and insoluble 
metallic acetylides are formed. The cuprous acetylide, CuX^^H^O, 
r)htaincd by shaking acetylene with ammoniacal cuprous chlo- 
ri<le, is a red compound, is somewhat explosive, ai)pears to decom- 
pose in juesenci* of air and water, and is easily decomposed 
liy hydrochloric acid (see p. o:3). The silver acetylide is a 
yellow (‘onipound ; it is too explosive to be handled with safety. 
The menmric acetylide (L'//. */., 1894, 262), HgC,^H.,0, is 

white ; it ( annot he obtained pure by the action of acetylene on 
ammoniac al solution of the chloride, cyanide, etc., hut is most 
easily obtaiiu'd by the use of a reagent i)repared in the following 
manner : 

Freshly i»reeipitated mercuric oxide is washed free from 
potash, and treated with ammonia ( 880) and solid ammonium 
carbonate in i)ov»’der. The solution is filtered, and may be kept 
ill a stoiipeivd bottle for use. In order to absorb the acetylene 
a small (juaiitity of the reagent is placed in a bottle funiished 
with a ruhlH‘r st(»ppor, with a stopcock passing through it. The 
bottle is exhausted and attached by a rublier tube to the 
burette containing the gas. The gas is drawn directly into 
the bottle, and in order to clear the leading tubes successive 
small (puintities of air are admitted into the burette. After 
shaking thoroughly, the precipitated acetylide is tiltered oft\ 
washed with ammonia solution, treated in a lieaker with dilute 
ammonium sulidiide, and weighed as sulphide. 

llKNZKNK AM) IIniHEK JIydrocakbons. — IJcrthelot s metluxl of 
absorbing tlie hydrocarbons, with bromine, and the benzene 

hydroearhoiis with fuming nitrie acid, is of no use, os the bromine 
attacks the henzciie. A method by which the benzene is esli- 
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mated as dinitro-benzeiio lias, however, been found to yield gotwl 
results {Zi'lt, Anonj. Ch, 1898). 

Bunsen j>assed the gas through seviual tubes tilled with 
absolute aleohol in order to absorb tlu* liydnKarbiUia The oil 
which sepamted when the aleohol was jioured into brine was 
collected and analysed. 

St. Claire- 1 Seville separated the hyilroearlMUis by passing the 
gas through a spiral cooled to 'Hie temperature is 

not, however, low enough to OiUidense the wlmle of the, vapour. 
A mixture of solid earbonie acid and elluu* appears to condense 
a very large .ipiantity of vapour out of coal gas : liquid air gives a 
similar result. The liquid consi.sis mainly of benzene and water, 
and it is found tlial unless tbe tnbt‘ ihrough which the gas 
enters the (ondenser is made very wiile, it beeomes plugged 
almost dixeetly. 

Combustion' of (iAsi-s.—- In many cases the only possil»le 
method of analysing a gaseous mixture (*onsists in delermining 
the nature of the cliangos which it underg«»es during combustion. 

The combustion of tliegas, mixe«l either with e.xeess of oxygen, 
air, or hy<lrogen, is usually aceoiiiplished by exploding tbe mixture 
by means of an electri<‘ spark from an induction (‘<dl, by }»as.s- 
iug it through a tube containing sjiongy jialludium. 

Combffstion htj i\rphsio/i, — The explj»sion i)ipette can be ma<U; 
conveniently of the .same form as tin* m(3asuring pipette for 
analysis at constant pressure, but it should be of stouter glass, 
and should have two platinum wires sealed into it close to the 
top. The gas is intDKluced, and exploded hy means of a small 
coil, capable of giving a quarter-inch spark, ami a dip battery 
or small accumulator cell. The gas may be exploded under 
reduced pressure hy lowering the mercury reservoir, and to 
prevent accidents the apjxiratus may be covered with a cloth 
during the experiment. 

Considerable errors may be introducetl through the com- 
bustion of the grease with wliich the stoiKJOck is lubricated ; it 
is therefore advisable to employ metapliospboric acid for this 
purpose. 

By combustion of a gaseous mixture l)y explosion we can 
obtain the following data : — 

1. The total contraction. 

2. The carbon dioxide formed by the combustion. 
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Tlie total oxy^'on used in the conihustion. 

4. 'I’lie volume of nitrogen, argon, helium, etc., remaining 
over. 

L'ndur certain conditions some of the nitrogen enters into 
conihustion with the oxygen. Jlunsen found that in presence of 
exces.s of combustible gas nitrogen was oxidised with formation 
of nitrous and nitric acids. 'When quantities of oxyhydrogen 
gas up to 04 volumes were burned in presence of 100 volumes 
of air, the quantity of nitfogen oxiflised was practically negligible, 
but witli higlier pro|>ortions of combustible gas the eiTor liecame 
consideralile. It is, tlierefore, jireferable to use air> or air and 
oxygen, instead of jmre oxygen in the ca.se of combustible gases 
which contain but a small proiiortion of nitrogen. 

On the other hand, there is a danger of iuti-oducing a con- 
siderable error owing to incomplete combustion of the gas, either 
owing to there lieing insufficient oxygen present, or to too great 
ililution with incombustible gas. This lii-st condition may, 
in the case of methane or ethylene, lead to the formation of 
carbon monoxide, but this may easily be avoided by taking care 
that sufficient oxygen is added befoi-e the explosion. The second 
difficulty may be overcome by adding sufficient electrolytic gas to 
the mixture ; the quantity need not be accurately measured as 
it does nut appear in the final calcuktion. 

Limiting values of explosive mixture of gases with air : — 


Acetylene 
Hydrogen 
Carbon monoxide . 
Kthyleue 
Methane 


3 - per cent. 



.'i - 13 


llYDKOGEN. — This gas may be directly estimated in altseuce 
of carbon monoxide, hydrocarbons, etc., by exploding it with rather 
more than half its volume of oxygen. If much inactive gas is 
present it is necessary either to add electrolytic gas, to pass the 
gas over palladium, or to pass the spark through it for some 
minutes ; in the latter case the oxygen may enter into combina- 
tion with some of the nitrogen which is present. The error due 
to incomplete combustion is small, and for electrolytic gas is not 
greater than *0001 of the whole. Since, however, the volume 
relation of oxygen to hydrogen in electrolytic gas is probably 
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1 to 2 00;i an error of (»ne part in a thoasaiul is ineurnHl l»y 
considering it to be 1 to 2. 

(’akbon monoxide. — S ince the voliiine ol* carbon pn*- 

duced by the combustion of carbon monoxide c(p*al to the 
original volume (»f the gas, it is in absence of hydrocarbons easy 
to determine the quantity of carbon monoxidt‘ juestmt. 

Even in presence of excess t»f <»\ygen tla* combustinn is ne\er 
quite complete, a small trace t»f the gas is always leli nm ombined : 
and, if it is intended to examine the resiilue spectroscopically, it 
should be sparked (p. 104) bt4biv the u\yg<ai is absMrb(*d. I'bo 
quantity of carbon moimxide left nn(*ombiiietl is inn Mnall to 
atlect the analysis. 

(’AKBOX MONOXIDE AND HVDKOOKN. — l-'rom the dal.i obtained 
by exploding the gas with »)xygen the quantity of these east s may 
1 h} ealculateil in absence t>f bydroeari»ons. 

Vol. of liytlrogeu - '-j total i‘».atra< tioa ^ \ \ol. of raibon ilio\i'{r torinnl 

Pakaffin Hv mjocAimoNs. — Tin* folli»wing etpiations represent 
the changes wliich take place when tin* jtaralVm hydroearhnns are 
burnt with owgen : — 

* O 


Contraction. 
4 vols. 

a vol.'. 

•2 vol.s. — 2li vol'*. 


CH, +20, (’O, 

2 volft. + 4 vol», ^ 2 Vfils. t (4 vol>. 

+ TO., ^ 4( n, + <I H J ) 

4 voh. + 7 Yols- - ^ vols. 4 - 1 2 vols. 


From these results it is clear tliul it would 1 h! [s)ssihle t«i 
tletermiiie the nature of tlm liytlrtKiarboii, provide*! that no 
hydrogen or carbon mfjnoxide were present. 

In most cases it cun be assumed that the parattin hydrocarbon 
present is entirely methane. From the first equation the volume 
of carbon dioxide ffjrmed should la; equal to the volume of the 
methane, and consequently, to half the total contraction or to 
twice the quantity of oxygen consumed. If this is not the ca.se 
other combustible gases must be present. If the quantity of 
oxygen consumed is too great, hydrogen must be present ; the 
fonuation of too much carbon dioxide indicates the preseua; of 
carbon monoxide or liigher hydrocarbons. 
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HyiIroe}irlK>ns may separated by fractional distillatiou 
(Ch. xvi.; 

IlYDiaxiKN AXG Methane,- -The ([uaiitity of hydrogen and 
methane, in aJ)sejiee of higher Iiydrocarbons, olefines, or carbon 
monoxide, can Ije estimated by direct explosion with oxygen. 

Vol. u! uirbnn dioxiilc = vol. of inethaiie. 

Vol. of hydrogen = j (total contraction - 2 vols. of methane). 

llYDKOCEN, ('AUHON MftxoxiDE. AND Methane. — The quantitie.s 
of the.s(; tlirec gases present in a mixture is sometimes deter- 
mined by ealeulation from data obtained from combustion of the 
mixture with oxygon. Tlie process involves the use of three 
sinndtaneous equations, and unless the co-eificients (the actual 
observed results j are obtained with very great accuracy the results 
are practically valueless. 



CIIAPTKU X 

THK rOMl'OSlTlOX OV ATMOsJ‘llKKIl’ Alii 

The first quantitative exj>erinu*nls mi the eoinposition of air were 
made by Priestley, who made use of the reaction between nitrii^ 
oxide and oxygen, first observed by ilayow, in order to deter- 
mine the “gomhiess'* of atmospheric air. He did not, however, 
obtain very goml re.sults by this niethixJ, but he succeeded in 
showing by experiments on living mice, that tlephlogistieated air 
(oxygen; was aipabli* of supi>orting life four or five times as well 
us ordinary air. 

His contemporary Scheele, about the year lT7o, showeil 
that aUiiit G parts out of I'O parts of air were capable of being 
absorbetl by liver of suljihur. Lavoisier, by heating mercury in 
air, obtained results which varied between 20 and 25 jier cent of 
oxygen. 

The first accurate exjieriiaeiits were made by Cavendish in 
the year 1781, He employed the method suggestcAl by Volta of 
exploding the air with hydrogen, and obtained as the mean of 
several determinations the number 20*85. The result is worthy 
of this admirable experimentalist. 

Dalton, who may Ijc said to have partly based his atomic 
theory on his observations witli regard to the action of nitric 
oxide on air, obtained results which are far from accurate, ranging 
between 19*8 and 21*1 i>er cent of oxygen. 

In 1804 Gay-Lussac analysed a large number of samples of 
air brought from different parts of the world by von Humboldt. 
The results, which vary between 21*1 and 20*9 per cent of 
oxygen, show that the composition of air is practically constant all 
over the earth’s surface. Neither the results of Gay-Lussac, of 
Davy, nor of Bunsen exceed in accuracy those of Cavendish. 
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111 recent years careful analyses have lieen made hy Kreusler, 
Morley, Ileinpel, Oettel, and otliei-s, to determine within wliat 
limits the quantity of oxygen in the air may vary. The methods 
employed are descrilied in llempers hook on gas analysis : the 
results of analyses of the air of Munich are briefly as follows : — 

Kreusler, Oet. :J7, 10 ex]ieriiiu*iit.', 20'900 jHir cent of oxygen. 

IH, « .. 20-916 „ 

„ .Inly 2.*!, 10 .. 20-912 

Oettel Api-il !>, 4 * 20-938 

A'oii doly found that the composition of the air of Munich varied 
with the direction of the wind, and I^w’v ( C. r., 31 , 725 ; 33 , 345 ; 
34 , 5) found that the air near the (ianges swanqis contained 
only 20-4 per cent of oxygen. 

I.educ (An. iff Oh., 1898, 18; has employed a gravimetric 
method for the analysis of air. Several sticks of phosphorus 
were introduced into a glass globe, which was then exhausted and 
weighed. Dry air was then admitted, the globe was weighed, 
and, after allowing sutlicient time for the complete absorption of 
the o.\ygen, it was exhausted and weighed again. The results 
indicate that the (juantity of oxygen in the air varies according to 
locality, distance from the soil, etc., over about 0‘1 per cent. 

It appears that the air in wells and quarries in limestone 
districts varies considerably with internal atmospheric conditions. 
It is probable that with a rising barometer the air is forced into 
the porous rocks, oxidising carbotuiceous matter and taking up 
carbon dioxide from bicarbonates. A>rhen the pressure falls the 
air escapes charged with carbon dio.xide, and since the rate of 
diffusion of the latter is considerably lower than that of air, it 
remains in the lower strata, and finds its way in considerable 
(]nautity into mines and quarries. 

The quantity of carbon dioxide in air varies between 3 
parts per 10,000 over the .open sea to 3 parts per 1000 in a 
crowded room. Aramunia is present to the extent of less than 
1 part per 10,000 parts of air. Gautier has shown that 
hydrogen is present in the air of Riris. The constituents of 
atmospheric nitrogen will be discussed later. 

Though the composition of air does not, under favourable 
conditions, vary between very wide limits, it is obvious that it 
should not be used os tlie standard for comparative physical 



98 EXPKRIMKNTAL STUDY OK OASES chap. \ 

meosureuients when any high dogi-ee of accumcy is deaiped. It. 
appears, however, that the (jnantity of the inactive gases in 
atmospheric nitiogen i-einains constant : ami as this gas is very 
easily obtained, it might well W employed as an emi)irical 
standard. 



C4IAPTE11 XI 

THK (iASES OF THE HELIUM GROUl* 


Tilt* <lis(‘()Vfry of jii^jon MoIIkkIs of ohtaiiiing argon— Sofiaration of the inactive 
gasrs from iiitrogfii, rtc. — l’rf{Miratioii of argon in large quant it}* — Helium — 
'J'lii* rarf* grisc^s. 

TiiK (liscovtiry <»f argon in 1804 by Lord llayleigh and Professor 
Jlainsiiy, in indicaling the probable existence of a class of elementary 
substances apparently devoid of chemical projwrties, opened up an 
entirely new field of investigation. The history of the discovery 
of argon has been detailed by Professor Kamsay in his well-know^ 
work Thf Gasea of the Atmosphere, and it is only necessary tW\ 
recall here the researches on which the discovery .was ba.sed. 

In iTHo Cavendish had shown that when sparks from an 
electrical machine were passed through air contained over mercury 
in an inverted U-tube in presence of potash, nitre was produced. 
If, when no further contraction took place in the volume of the 
gas, more dephlogisticuted air (o.xygeii) were added and the 
sparking continued, there still remained, after absorption of the 
oxygen with liver of sulphur, a small quantity of gas. The 
volume of this gas, which was of the volume of the air token, 
did not diminish on further sparking with oi(}^n. 

Cavendish’s experiment appears to entirely over- 

looked; but in 1894 Lord Bayleigb’s disc<^ery that the density 
of atmospheric nitfogen was about half of one per cent higher 
than that of nitrogen from chemical sources, gave fresh indication 
of tlie existence in air of some hitherto undiscovered gas. The 
investigation of the cause of this anomaly carried out conjointly 
with Professor Itamsay led to the discovery of argon. 

It had long been known that when metallic magnesium was 
burnt in air it entered into combination with the nitrogen as 
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well ns with the nxyyeii, forininjj ii mixtuiv of llie oxide and 
nitride. 

4Mg + 3X,. - iXfg N,,. 

This principle was tirst applie<l by Itanisay and Itayhdgh to 
the preparation of argon (7V/<7. Trnn.t., Itibo, 1S7>, anti although 
the process which they cuiploy<‘«l is no longer in use it is of con- 
siderable historical inteivst. 

Atmospheric nitrogim, obtaineil hr thawing air over red-hot 
copper, was passed through a hard glass tube, tilled with inagnesiuin 
shavings and heated in a combustion furnace : the residual gas 
was collectetl over water in a gashohh'r. 'fhe ]'rog)<*ss of the 
I’eaotion was easily followed by watching the glow in the tula* 
caused by the combustion of the magnesium. Wlu-n the magnesium 
Avas exhausted the ga.s in the tube was canied over into the ga.s- 
holder, which now contained nitrogen rich in argon, bj' a more 
rapid current of nitrogen. The nitrogen was jiassed backwards 
and forwards over magnesium till it was reduced to about one- 
fortieth of its original bulk. 

In order to remove the remaining traces of nitrogen, hydrogen, 
etc., from the argon, it was cii-culated for some hours through tubt.’s 
containing retl-hot magnesium and copj>er oxidi*, soda-lime and 
peutoxide of phosphorus. The apparatus em])loyed is shown in 
Fig. G9. 

The gas wa.s coutaiu<.*d over nun-cury in a reservoir A, with two 
outlets, one at the to|> and one at the side some little distance 
frean it. The iulje.s C' and If were of hard glass, and contaimal 
respectively magnesium turnings atid copper oxidtj partially 
reduced ; the tuljes were luiate*! to a dull red hesit in small 
tube-furnace.s. The tuljes 1) ami K contained soda-lime and 
pentoxidc of phosphorus ; the latter .served t<» absorb water 
vapour, which would otherwise have reacted with the magnesium, 
producing hydrogen. The gas was made to fiass in a continuous 
stream through the tulje and reservoir by means of the apparatus 
shown on the right-hand of the figure, ami first ilescril)ed by 
Prof. N. Collie {Chan. Soc. J., 1889, 110). Mercury from the 
re-servoir (i fell in drops down the capillary tube II into 
the chamljer K, causing a continuous current of the gas to 
flow in the same direction. The mercury eseajMjd from K 
through the tup L, which was so regulated that it flowed in a 
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steady strcain into the vessel il, whicli was cuiuiected by a 
capillary tube X with the tnlje O, which was partially iinnierscd 
in the mercury in the reservoir ('•, and was connectetl with a 
water-pump tlwouf'h 1*. A piece of rusty iron wire, twisted and 
inserted in the lower ojicning of the capillary tulie, prevented the 
mercury flowing out of K from completely closing it, so that as 
soon as the mercury came into contact with the upper lip of tlie 
opening it was carrieil by, the air in a shower of minute pellets 
through the capillary tulie into the reservoir CJ. 1'his piXJC«*S8 



would go on continuously fur hours without any attention, so 
long as the iron wire was properly adjusted and the flow of 
the mercury carefully regulated at the commencement of the 
experiment. 

In order to remove the air originally contained in the tubes, 
and to recover the argon remaining in them at the end of the 
exiieriment, the apparatus was connectetl with a mercury-pump 
through the tube It. Before exhausting the apparatus (dl stop- 
cocks were closed; the tubes containing the magnesium tmd 
copiier oxide were then heated, and the exhaustion was continued 



102 


EXPERIMKNTAL STUDY OF C;ASKS 


CHAP. 


until the inagiiesiuni cefised to give oil* gas. The stopeoi'k con- 
nected witli the pump was then closed, and the stopcock connected 
with tlie top of the reservoir was turned so as to admit gas 
to tiie apparatus; any trac^e of mercury contained in the tube 
was caught in the bulb T. The second stopcock was then 
opened, tlie level ot* the mercury was adjusted, and the circula- 
tion was alloweii to proceed. It was only necessary to reatljusl 
the level of the mercury in the reser\oir, or to inlriHluce more 
gas into it from time to time during the course t»f the experiment. 

Since the tube containing the magnesium almost invariably 
cracked on cooling, it was neees.s4try ti> remove the gas fn»m it 
by closing all the st«)pciH.*ks and exhausting tlie apparatus by 
means of the jaimp. 

ABSOKITIUN of XlTKOOEN BY MEANS OK t AD lTM. — MaCipieune 
has shown that when pure lime is healed with magnesium dust 
calcium is }>r«jtlucech and that this metal absorbs nitr(»g«*n with 
great rapidity. Absorption of the nitrogen by calcium has com- 
pletely replaced the nielhod i>f circulation ovio* magnesium as a 
]>rocess for the preparation of small (inantiti(»8 of argem from 
atmospheric nitrogen, and for jmrifying tlu? inactive gases 
genemlly. 

Precipitated rdialk is heated on a plate in a muHle furnace 
for some hours, ami is then scrajHid into a basin and allowed to 
cool in a <lesiccator. The lime so obtained is thoroughly mixed 
with al)out three-lifth.s of its weight of magnesium dust by shak- 
ing in a stoj)percd bottle. The lime must be (jitifc fm from 
carbonate or hy(tr(ir*\ and the mixture must be kept very dry, 
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otherwise a .serious explo- 
sion may occur wlien it is 
heatcil 

A quantity of the 
mixture is confined between 
plugs of glass wool in a 
hard glass tube, wliich is 
drawn out at the ends so 
that it can be connected 
by means of rubber junc- 


tions with the two gas- 


holders in the apparatus shown in Fig. 7 0. The gas to be treated 


is contained in the gasholder A, and if the quantity of inactive gas 
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is likely to b« small the seeoiul ^sliohlcr may be dispensed with, 
and the {^as tuk«‘n dintctly into the pump through the stopcock C- 

'I’he tube is heated to a dull ri*d heat in a tube furnace so 
long as any (piantity of gas can be removed. The evolution of 
gas, wliich consists of hydrogen and cairbon monoxide, never 
entirely ecjases, b»d it is easy to remove traces of these gases by 
ptissing the gas over lieated copjwr oxide, or better, by sparking 
it for a sh(trt time with oxygen. Before admitting the gas from 
the reservoir A the tap f' must closed ; the flow of the gas 
must be (Mirefully regulated, as the heat generated by the com- 
bustion of the ealeium is considerable, and there is some danger 
of melting tlie tube. After a short time aijsorption may cease 
on account of the tube Incoming filled with inactive gas. The 
gas may then be allowed to flow into the gasholder B, or the 
stopcock leading into A may Ik* closed apd the gas removed 
through the jnimp. In the latter case the gas in the tube should 
be allowed to remain in contact with the calcium for a short time 
before the stoj)C(x*k (.' is opened. 

A single jiassuge of the gas over the heated calcium is 
Kuflicient for the complete absorption of the nitrogen, and the gas 
may be comjdetely purified by sparking for about five minutes 
with oxygen. In lliis way it is possible to demonstrate on the 
lecture table as a quantitative ex 2 »eriment the preparation of aigon 
from air. 

Aasoumox of Xitrogex bv LirnirM. — ( Jimtx (<7. r., 1896, 
123, 995) has shown that lithium ubsorlMs nitrogen ra{udly even 
at on 1 inary temiierutures. Since, however, the metal attacks 
glass rapidly lielow a red hejit the application of the method is 
attended with considerable difticulty. 

Si’AKKiXG WITH ( f.KYGEX.— -The discoveries of Priestley and 
Cavendish have, nli’eady l»een referred to, and it remains to 
deseribe -the ])raclical application of their methods as a means 
of purifying tlie inactive gases. In their original investigation 
of atmospheric air Professor llamsay and Ix)rd llayleigh employed 
a uioditi(.‘ation of Cavendish’.s method as a means of obtaining 
argon, jind later Ixird Rayleigh obtained about two litres of 
argon by the same method. In order to save time, however, it 
is usual to itass tlie gas over heated calcium, and to employ the 
method of sparking only as a means of removing the last traces 
of the active gases. 
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It is inconvenient to treat more than alumt 40 c.c, of jjfas at 
ii time, unless much nitrogen is present. About that «[uantity 

of gas is mix»‘il with about 10 c.e. of 
oxygen in a tul>e eajmble of hoUling 
SO e.c. Tlie points between wliich 
tile sparks are passed are of 
platinum wire fused (Kig. 71) through 
the ends of gla.s.s tubes wliieh are 
about 5 uim. in iliameter, and are 
l»ent into a close U, so that the longer 
limb remains <»pt*n. The open linib.s 
tit tightly ihrmjgh hf»les lH»reil in a 
c<'rk, which keeps tluan in plact*. The 
tubes are tilled with mercury, which 
sta ves to eomlnel the (Mirrenl to the 
platinum ]»uints. 

<hi account of the interniittiuit 
naliin* of the discharge fn>in an 
induction eoil, working with a constant 
t uiTcnt in the primary circuit, one of 
the iKjinls W^emm^s v«>ry hot, while the 
i:»ther remains comjMirati vely cool. For 
tliis reason one of the wires is made, 
about three times the length <»f the 
other, mid is bent as in the figure; ; 
this point is always made the cathode. 

The spark points are intrmhicc(Linto the tube contHiniiig the 
gas while it is sUnding in a iiierairy trough (Fig. 2S); tlie tuln; 
is held in a screw clamp, and tlie glass tiibe.s wiiich liold the 
points are attached U) it by a turn of wire so that the points 
themselves lie near the top of the tube. A small quantity of 
potash is introduced into the tnlx* through a curved pip<dte, and 
the connections made with the terminals of tlie coil. 

An Apps induction <»oil, giving with four secomlary ccdls a 
six-inch spark through air, gives very satisfactory results. Wlicn, 
however, it is available the alternating current may be used with 
effect* The leads from the main arc connected with the jirimary 
terminals of the coil through an iron wire resistance, so that the 
current is reduced to about o amperes. The contact breaker is 
then screwed back against the adjustable screw so us to place it 
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out of action. When working, the coil emits the well-known 
“ trausfonner hum,” and the result is to produce a very hot flame 
between the spark points. Since in this case there is no polarity 
in the nature of tlie secondary discharge both terminals lieconie 
eiiually heated. 

The sparking is usually continued for three or four hours 
after contraction has ceased, and, if necessaiy, more oxygen may 
be added to the gas as occasion demands. At the end of the 
operation the spark points are removed, the gas separated from 
the ])otasli (p. 80), and the oxygen absorbed by means of phos- 
phorus (p. 84). 

Lord Uayleigh {Ch. Son. Jmir., 1807, 181) has described a 
process for the prejiaration of ai'gon on a large scale by .sparking 
atmospheric, air with oxygen. 

Pkoditction ok Akgon ox .V LAUGE .sc.vt.E.- In the early part of 
1808 Professor Uamsay and the author undertook the preparation 
of lo litres of argon in order to investigate the homr^neity of 
that gas. The following account of the process employed is 
quoted directly from the Proceedings oj the Boyal Society (voL Ixiv. 
1898, IS.^l). 

In order to prepare l."» litres of argon it is necessary to 
deal with about 1500 litres of atmospheric air, of which 
approximately 1200 litres consist of a mixture of nitrogen and 
argon. To absorb the nitrogen contained in this quantity of 
gas by conversion into nitride, 4 kilograms of magnesium would 
be reipiired theoretically, bait -in order to cover loss through 
leakage and incomplete ac|iou, o kjjograms of the metal were 
employed. The absorption of th^’oxygen and nitn^ii was 
conducted in three stages. In the first, the oxygen was it'moved 
by means of metallic copper ; in the second, the nitrogen was 
passed twice over metallic magnesium ; and in the tbinl, the 
gas, now rich in aigon, was finally freed from nitrogen and 
hydrogen by passage over a mixture of anhydrous lime and 
magnesium powder heated to a red heat, and subsequently over 
red-hot copper oxide. The apparatus employed is shown in 
detail in the annexed figure (Fig. 72). 

It was, of course, necessary to confine the gas over water 
between the s\icccssive stages of purification, ai\d finally to store 
the gaseous argon in the same way. On account of the consider- 
able solubility of aigon in water, this would have entailed no 
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small loss if the quantity of water with whieh it had be(‘u 
brought into contact had been largo. We consetjuently de(*ided 
to make use of gasholders of the gasometer type, in which the 
water was contained in an annular space of small ca|) 4 icily. 
Balance weights were attached to cords passing over i)uIloys, and 
served to relieve the pressure on tlie gas due to the weiglit of tin* 
gasometer. As the volume of the gas decreasetl after eiich 
successive stage, the four gasholders lunj^loved were of different 
sizes: the capiieity of A was about I'c^O litres; that (d* !>, 27 
litres ; and of C and D, each IS litres. 

Atmospheric nitrogen was obtained by drawing air, freed 
from carlxm dioxide by passage* through caustic, .soda soluticai, 
over heated metallic (H)pper. .V large iron tube F, 2 h.'et <» incln»s 
long and 2*5 inches* in diameter, eontaiinng 25 ll)s. of scrap 
copper, was connected with the gaslioldtu* A ; the luhe was 
heated in a long Hre-bri(*k trough iluring these experiments, hut 
a gas-furnace, which is .shown in the ligiin*. lias now been 
substituted for the more primitive arrangement. 

The time rcfiuired to till the gashohler wj\s usually about 
five hours, and it was found, on analysis of the gas, that one 
single ojH^ration sufficed for tlie completes removal of all oxygen. 
The oxidised copper was reduced hetween each operation by 
means of coal-gas. 

By closing the stcqKiock and ojKming the slojicock /■, 
the gasholder A could lie placed in communication with the 
apparatus in which the preliminary absorption of nitrogmi took 
pla(^« By placing weights on thq top of the gasholder tlie 
nitrogen was driven through the vessel M and the U-tiilie X, 
lM)th of which contained strong sulphuric acid, into the tube G, 
which contained magnesium. This tube was a piece of steam- 
barrel, 1'5 inches in diameter, connected at each end by a 
reducing socket with an iron tube, 0*25 inch in diameter. I'he 
tube contained 250 grams of magnesium, cut into coarse 
shavings in a shaping machine ; the magnesium was not }iressed 
very tightly into the tube. Since after each operation it was 
necessary to remove the sockets in order to clear the tube, the 
joints were luted with red lead, and the tube was made of 
sufficient length to project about 3 inches at each end of the 
furnace. 

The greater part of the nitride was generally removed by 



to allow the greater part of the hydrogen occluded by the 
magnesium to escape. The absorption of the nitrogen, which 
was indicated by the rate of flow of the gas through the U-tubea 
N and 0, was maintained briskly until practically the whole of 
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the niagiiesiiim was converted into nitride : the volnine of tlie 
gas absorbed was equivalent to half the eapacnly of the large 
gashohler. 

Tlie gas, after leaving the U-tnhe O, passe*! thnmgh a secon*! 
iron tube II containing copper oxide: next, through the vess**l 
P, in which water conilensetl ; and it finally collected in the 
gasometer !>. That which pa^iseil during tlie first stages of the 
process consisted of nitrog*Mi c*>nlaining niucli argon ; but towanis 
the end of the operatuui the. argon became much dilute*!, until 
finally the g*is which ^Missed through lht‘ U-tuhe O c<»nsiso*d 
almost entirely of atmo'^pheric nitrogen. The tidu^ (i was then 
replaced by another containing a fresh sup]»ly *>f magnesiuin. 

The tap /• was then closetl, und the tap'^ // and r tiirne*!. so 
that the gsts in the gasometer 15 could he nuuK* to thnv thnuigh 
the maguesiiun ami copiuir *»xide tnlns inl*> tlH» gasonu*ter (\ 
In this process its Vidume was very much reilucetl, and tlu* gas 
which collected in t' proha hly contained as miu h as 2o p(*r cent 
of argon. When tlie wh<»le of the gas had l)een expelled from 15, 
the tH]»s </ an*l r were again turned, ami atmospheric* nitrogen 
was allowed to fl<iw thnnigli the magnesiuin tub*», as in tlie first 
stage of this operation. 

When the gasometer had liecome full of the mixture of 
nitrogen and argon, as it did at the emi of every tliird or fourth 
operation, it became itecessarv to reduce its volume by further 
absorption of nitrogen. Tlie inetho*! employed, which was first 
described by Mmpienne,* consisted in passing the gas through a 
hard glass tube containing a mixture of magnesium powder and 
lim^ heated to a dull re<l heat in a combustion furnuc**. The 
lime was obtaineil by thoroughly calcining precii>itated clialk in 
a muffle. The nitrogen continued to te completely absorbed as 
long as calcium remained unattacked, so that the pro<lnct of this 
operation consisted of pure argon. The gas issuing from the 
calcium tulie passed through a tube S, containing soda-lime, and 
over copiier oxide in the tube L, on its way to the gasometer Ih 
Since at the end of the ojieration the system of tubes between 
the gasholders C and 1) contained argon, in order to avoid loss, 
the circuit was jdaced in communication with a Tbpler pump 
tlirough the stopcock l\ The space between the stojicockH I 
and / was exhausted at the commencement of the operation, the 
* Camp, rewf., 1895, 181, 1 147. 
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exhaustion being coiitimietl till the greater part of the hydrogen, 
which is always evolved when a mixture of magnesium and lime 
is heated, had Ijcen given ofl‘ 

When it was necessary to suspend ojajrations, the taps / and 
/ were closed, the tap k was opened, and the argon was taken 
into the jmiup and delivered into the vessel V which covered 
the upturned end of the capillary tube of the pump. From V 
the argon could be drawn into the small gasholder K, which 
contained mercury, and wfiich could also be placed in communi- 
cation with the system through which the gas passed on its way 
from C to 

These operations were repeated until the gasholder D con- 
tain(‘d about 15 litres of aigon. 

JIfliutn, — In 1889 Hildebrand observed that when certain 
uranium-containing minerals were boiled with sulphuric acid a 
quantity of gas was evolved (Jiidl. U.S. Geological Sun-eg, 78 , 83). 
The gas was supposed to be nitrogen, as its spectrum showed 
the characteristic lluting, and, consequently, it was not further 
investigated. 

Furly in 1895, about three mouths after the publication of 
the iliscovery of argon, Mr. Miers of the British Museum called 
Prof. Itamsay’s attention to Hildebrand's paper, suggesting that 
the gas might prove to contain argon. A specimen of clevite 
was obtained and heated with dilute sulpbftiric acid in vacuo ; 
the spectrum of the gas was found to contain the line I)y(X= 
587C), observed by tlanssen in 1868, and attributed by Lockyer 
to a solar element of low' density to which the latter gave the name 
helium. This name was retained for the newly discovered gas.* 

The method of heating the helium -yielding minerals with 
dilute sulphuric acid in order to obtain the gas is found in 
practice to be very inconvenient, unless a large quantity of the 
mineral is to be ti'eated. The mineral must be gimind to a very 
fine powder, and it is necessary to continue the operation for 
several days in older to completely decompose it, imd so obtain 
the whole of the helium. It was subsequently found that a 
quantity of the gas was evolved by the action of heat alone, the 
evolution commencing but slowly at about 200", and taking 

* A full account of tlie properties of helium will be found in a ]iaper by Prof. W. 
Ramsay (An. Ch. et de Ph., 1898, series vii. 13). A list of the most imiK>rtaut papers 
dealing with this gas is a})petuled. 
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place rapidly at a bright red heat. It is interesting to note that 
almost exactly half the helium c*ontained in the mineral is evolvetl 
by the action of heat alone liotf SiH\^ December lSi)8), ami 

further, that in some ca.ses the evolutitm of tlit‘ gas ajipears ti» he 
accompanied by a considtnahle i‘Volutit)n of htat ( /Vac. /o»//, 
January 1S98). These facts liave been taken to indicab* that 
the helium exists in the minerals, from which it i-< evolved by 
the action of heat, in a state t»f coinhinaiion. On heating tin* 
minenils in vacuo the gas appeared to be evolved rapidly at tiist. 
particularly in the case of rWoMr/i/iic minerals, then more slowly, 
and tinally appeared lt> ceast^ nltogerht‘r. 

It is probiiblo that the Iieliuiii is assix iated in the mineial 
with a .small quantity of argim and perlaqN with a trace of 
nitrogen. In oin* case only has lulinm obtained directly from 
niineitds l»een found to have a tlensiry b‘.ss than L* IS. Langlet 
(Ziit. An. (%‘m., 10, l89o, 819} obtained a sanipb* «>f densily 
2*00 by fusing tfie mineral tdevite with ac'id potassium sulpfiate : 
but the gas probably contained hyilrogcn as it was pnrifii*d by 
passage at fotr pngsuv* over heated copj)er oxide. V separation 
of pure helium, den.sity D9H, from tin* gas obtained by the action 
of heat on minerals can be accompli.shed by the method of 
fractional dittusnm, p. 280 (/Vcr. Jio//. ,Sor., 60, iMlb), and by 
other methods wiiich will In* de-scTilKal lati*r. 

A number of minerals have been found to yield helium in 
considerable quantity {Chan, Sor, Jr,, 18IK";, GSo ; Proc, Itoy. Sov,, 
1898, 64, 131). The. following figures indicate the (piantiti(*s of 
the gas obtained, and as clevite cun be obtaine<l at about .£l 
per kilo, the cost is not excessive > 
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The preparation of Helium . — («) By the action of heat upon 
minerals. 
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The mineral is reduced to powder in an iron mortar and 
passed through a sieve. The apparatus employed is shown in 
Fig. 7:5. 

1'he powdered iniuei-al is placed in the tulje a, which is 
either of hard gla.ss or iron. If a glass tube is used it is 
drawn out at the end and connected with the rest of the 
a])paratus hy n rubber junction (p. 1 9), but if the tube is 
of intn the end is closed by a rubber stopper surrounded by 
a short water-jacket. I’he ap- 
piiratus is connected with a 
meroury-pump through the stop- 
cock (!■ and with the reservoir /: 
tlu! tlusk /■ contains sticks of 
solid potash to alisorb water, 


it 


carbon dioxide, and com])ounds 
of sulidiur, and tlie syphon 
manometer c serves to indicate 
tlie jwessure in tlie apparatus. 

For the prepiratiou of large 
(luantities of helium the reservoir 
/ contains boiled potash solution, 
and when working with small 
(piantities of the mineral a layer of (Krtash is introduced above 
tlie mercury in /. 

After thoroughly exhausting the apparatus the mineral is 
slowly heated, and as soon as the pressure in the appanitus 
liecomes equal to the utmosplieric pressure connection is made 
with the reservoir /. The evolution of gas usually continues 
fur some hours, and, indeed, although it at length liecomes very 
slow it appears never to cease altogether. At the end of the 
operation the stopcock on the reservoir is closed, and the gas 
contained in the apimratus is removed through the pump. 
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for the preparation of very small (quantities of helium the 
mineral may Ihj heated in a tube directly connecUnl with the 
pumq). For the (luantitative determination of the yield of helium 
from a mineral the hard glass tube should be well picked with 
glass wool, to prevent traces of the jH)wdt>r from Wing carried 
away by the gas. 

By the action of heat alone it would appear that only about 
one-half of the helium qu'eseut in the mimual is given otf. ami in 
order to obtain the whole of the ga.H it is necessary to deeomiKise 
the mineral by chemical processes. Heating with dilute suljdiuric 
acid or fusion with acid jHdassium sulphate are the uu'thods which 
yield the K‘st re8ull.s. 

The second method letjuires tlie .shortest 
time, but the decomposition of the mineral is 
never complete. The ]>owdered mineral is 
heated in a hard gla.«s iiib(> or llask, attaclusl 
to the (ipparatiKs already dcscrilH-d, with an 
(Hjual weight of acid potassium sulphate ; the 
sulphate must Ik* free from nitrat<‘, and shoidd 
Iki fused and q>owderi>d before it i.s us(*rl. The 
mi.xlure froth.s considerably when it is heated, 
and cou8e(iueutly the flask or tube must never 
be more than half filled with it. 

The decomposition of the mineral with 
dilute sulphuric acid (oiu! in four of wut(‘r) is 
more complete, but the time reiquired is usually 
a week or even longer. The mineral is plac(>d 
in a round bottomed flask a (Fig. 74) with a 
tapered neck. A rubber stojijier, which ]>a.sHes 
.some way into the neck of the flask, has two 
hole.s Iwred in it for the pissage of a short 
condenser and a tap-funnel. Mercury is poured 
into the sptaie above the ntbber stopper to 
render all the junctions air-tight. The ap- 
paratus communicates, through a taqi at the 
top of the condenser, with the mercury-pump, 
which should l>e without a jihosphorus pentoxide tube. 

The apparatus is exhausted before the dilute acid, which 
should be previously boiled, is admitted ; to facilitate the removal 
of the last traces of air, c»rbon dioxide may be admitted thnmgh 
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the tap-fuimel ami reiuovetl by exliauHtion two or three times. 
Tile flask is lieatcd on a water-bath, and the gas which is evolved 
may be removed by opening the tap communicating with the 
puinj). 

Edimaiiun of the total helium present in a mineral . — The 
mineral is heated in a sealed tulie with dilute sulphuric acid, and 
the gas is collected by the method described on p. 35. Tlie 
complete decomposilitai of the mineral often requires some days 
at 150 - t’. 

Tlie discovery of helium and argon (p. 99) gave rise to the 
(juestions ; — “ Are these substances homogeneous? ” and “ Are they 
the only members of the group to whicli tliey belong ?” Assuming 
that these gases are monatomic, as is indicated by their having 
the ratio 1-6G for their specific heats, their atomic weights are 
4 and 40 re.si)eotively, and they occupy the positions indicated 
in the periodic talde of the elements. This being the case, it 
ajipeared highly probable that there should exist a similar element 
X of atomic weight 20, and others Y and Z of higher atomic 
weight, occupying positions next to bromine and iodine. The 
search for these elements, and the working out of their physical 
properties, occupied five years, but it is now proved conclusively 
that there exists a series of fire gaseous elements of which the 
atomic weights are in accordance with those predicted by the 
periodic law {Phil. Trans. 1901, vol. exevil 47). 


Tablk or Atomic Wbiobts 


Hydrogen 

1 

, Helium 

3*96 

Lithium 

7 

Fluorine 

. 19 

: Neon 

. 20 i 

Sodium 

23 

Chlorine 

. 35-5 

1 Argon 

. 40 i 

Potassium 

39 

Bromine 

. 80 

I Kryjiton 

. 82 

Rubidium 

85*5 

Iodine . 

. 127 

1 Xenon 

. 128 

Caesium 

133 


Shortly after the discovery of helium, it was shown by llunge 
and Paschen that the lines of its spectrum could be divided into 
two sets, and that each set consisted of a primary' and two sub- 
ordinate series of lines of which the vibration frequencies could be 
expressed by a logarithmic formula. They attributed this to the 
presence of two substances in the gas, and from analogy with 
known cases they assigned the spectrum which was the more 
displaced towards the violet, to the lighter gas. Tlie two 
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elements they iiamecl helium aiul itarlieliuiii ; the sjitectrum of 
the first contained the line 1>., '\ = r>87C;, while that of the 
second contaiuetl the bright green line = 001 ( 1 ,'. which is 
next in brilliance to the yellow line. In jiroof of llieir theory 
they showed that when ote\ite gas was allowed to enter a vaetium 
tube through a porous plug, the glowing gjis emitted a Inilliant 
green light, and the green line was the stnnigest line in the 
spectrum. This they attributed to the .separatio!! of the ligliter 
gas by diftusion. 

Though the fact tliat the spectrum of helium contains (\v<i 
sets of lines, or rather that the two spectra of helium i‘xi.st with 
almost e<iual brilliance nnder one .set of eomlition.s (tlieir rehitivo 
intensities lieing merely modified by eiiange i>f jnessmo), remains 
une.xpluined, the concln.sions drawn by Hunge tind ra.sclien have 
been shown to l>e fallacious. The change in tlie nature of tlie 
glow can lie brought jiltont by change of j»re.ssnre alone Pm'. Iloii. 
Svf., 1897, 60 , 449;, and indeed tlie tnlie of i>arlielinm c.\hil>ile<l 
at the I5riti.sh As,sociatiou liieeting at lp.swieh in lS!t7, eontained 
the gas nnder so low a prestsnre tlial it phosphiaesced j». .’.I 1 . 

That helium does not coiusist of two constituents can he proved 
in the following manner. Wlien the electric discharge is pa.ss«.*d 
through the ga.s in a vat uum tula: with ]ilatinum electt<ides, the 
platinum volatilises and i.s deiM>sited on tla? glass. The metal, 
which appears to l»e amor|ihous, alworhs the helium during its 
deposition, and the glow in the tube Ix-come.s green in colour. 
If this change were duo to the removal of one of the con.slitm*nt.s, 
the gas which is al>8orhed by the platimim, and whi(;h can h(! 
obtained by heating the tube with a lluns<m burner, should give 
the yellow spectrum only ; but this is not tlie case. Further, it 
should l»e possible to obtain at least a partial separation of the 
constituents by the process of fractional diffusion, or by fractional 
solution in water, or in liquid oxygen. Ex[>eriments in this 
direction (p. 310) have led to the conclusion that the ga.s from 
cldvite, or other minerals, contains only helium with a very small 
quantity of argon. 

The search for the missing elements in the gases evolved 
on heating minerals, meteorites, etc., in tlnwe from iialuml wutcr.H 
and from mineral springs, was without success, and about the 
end of 1897 it appeared that all available sources were well-nigh 
exhausted. 
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There remained, iiowever, the possibility that the missing 
element or elcmentH might exist in atmospheric air — a constituent 
of the 8()-civll('d ai-gon, for, as Dr. Johnstone Stoney has pointed out, 
it is possible for a planet of the mass of the earth to retain on 
its surface gases of density 9, the density of water vapour. Some 
tiiiKi previously we had discussed the }>os8ibility of separating the 
possible, eonstiluents of argon by the process of fractional distilla- 
tion, and of determining the nature of the substance which, 
according to Olszewski, ‘separated from helium when that gas 
was eotnpressed and allowed to expand at the temperature of 
licpiid air. As we had no means of obtaining liquid air we were 
at tin*, time obliged to abiuidoa the project. 

About the time referred to. Dr. W. Hampson kindly offered to 
supply us witlj licpiid air, and in February 1898 we commenced 
the preparation of a large quantity of argon (p. 105) for the pur- 
pose of the investigation. By the end of May, about 15 litres 
of the gas had lH‘eu obtained, and on fractional distillation it 
yielded a (piantity of a gas of density intermediate between that 
of helium and argon. This gas, to which we gave the name neon, 
was aft(?rwards shown to contain n small quantity of helium 
(p. 217). 

While the.se experiments were in progress, about the middle 
of May 1898 we obtained about a litre of liquid air for the pre- 
liminary experiment. The liquid was allowed to evaporate, and 
when only a few cubic centimetres remained, the gas was collected 
in a gasholder. After removing the oxygen and nitrogen, the 
residual inactive gas was examined spectroscopically ; the spectrum 
was that of argon, but beyond this two brilliant lines, one yellow 
and one green, were observed. 

This gas we at first supposed to consist of argon mixed with 
a heavier gas, to which we gave the name krypton. Subsequently, 
however, we found that there were two heavy gases present, and 
to tin? denser we gave the name xenon (p. 219). 

The methods by which these gases were separated and puri- 
fied arc detailed elsewhere, and it is only necessary to state here 
that they all apiiear to Ik; chemically inactive, though it is prob- 
able that under certain conditions of temperature and pressure 
helium would combine with one of the constituents of the 
minerals from which it is obtained, and in which it is probably 
present in n state of combination (Prcc. Boy, Soe. 62 , 32 5; 64 , 
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130). It must he roineml)cred that iiierourv, which soiiiewhal 
I'esembles the rare gases with regard t(» its low boiling-point and 
monatomic character, would In? chemically inactive at 1000"* V. 

A. M. Kellas Jioi/. SiH\ 69, 0(5^ aiul Th. Schla?sing jr. 

(6’ 121, GOo) have independently dctcrininoil the cpiantity of 

argon (containing neon) in atmospheric nitrogen. In IGO c.e. 
of nitrogen Kellas found 11 8G c.e. of argon, which agre<‘s 
with the munlier l']83 given by Schlosing. This (piantity 
of argon is just sullicient to account for the ilillerence between 
the densities of atmospheric ami chemical nitrogen. 

It is dittieult t<» form a very exact estimate of the quantities 
in which the imlividiial gases arc present in the ritinosphme. 
From the quantities of the gases fiblaiiicd by the tlisiillation of 
atitu>spheric air, or of argon, the following miinlHUs havi» Ikmui 
» taken : — 


Helium \ to s j>er 

Neon I to ^ 

Argon o*aa 7 
Krvpton I 
Xenon I 


l,om».oon of ail 
loo.ooo 
100 

l.O<i(i.0<»0 .. 

:iojM)0.000 


It is highly probable that the helium (juickly passes out from 
our atmosphere into sjmee- — at least the si>eculations of Dr. rlohn- 
stone Stoney lead us to Ijelieve that this would he the case wuth 
a gas of so low a density. The (piantity of helium, whi<di is 
continually Ijeing given off by mineral springs, is, liowever, 
enonnotis, so that it is proliahle that the amount present in the 
atmasphere does not tend to diminish. 
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ClioiiM* of a staiulanl-- Diirrt aii<l indirect iiiethotls - The density globe and counter- 
lioisc- -Cliungc c»f volunu* in density glol»es — Weighing — Densities of small 
<)inintitieH id' gases, niethiMts of manipulation, calculation of results — Sources 
of error— Density of water - Historical — R/iyleigirs rcseaiehes — Le<liic's re- 
searches — Morley’s researches ---Review of ix*sultH-~ Indii'ect detemii nation of 
density, SehUesing’s hydrostatic “inethoil ” — AvogatliVs hypothesis. 


1'he density of any substance is usually defined as tlie ratio of 
the mass of it wliicli tills unit volume to the mass of unit volume 
of some standard substance. 

The densities of gases, like those of solid or liquid suiistance.^, 
are ultimately referred to the density of water (p. 127), or are ex- 
pressed in terms of the standard units of mass and volume, the 
Paris kilogram and litre. 

Since, however, the relative densities of gases approxi- 
mate closely to half tlieir relative molecular weights, it is con- 
venient to express them, nut only with regai-d to water, or in 
terms of grams per litie, hut also with regard to some standard 
gas. 

Since hydrogen is the lightest known gjis, it would be con- 
venient to take it as a standard, and to consider its density as 
unity. On the other hand, on account of the great difficulty in 
determining its density correctly, it has been found more con- 
venient to take the density of oxygen as 16, and to calculate the 
densities of other gases on this basis. 

In determining the nias'* of unit volume of a gas, or the relative 
densities of two gases, it is further necessary to take into con- 
sideration the coiulitions of temperature and pi'essurc under which 
they are confined, and since all gases do not expand and contract 
equally with equal changes of temperature and pi'essure, the 
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densities should be expressed not only under definite conditions, 
but under stundard conditions. l>ensities of gases are usually 
stated at the melting-point of pure ice, under a j»ressure e(juiva- 
lent to 760 mm. of mercury, at sea-level in lh(» latitude of Varis. 
A cori'ection for the value of the gravitation constant must be 
applied to results obtained in diffenuit j>art< of the globe, in order 
to render them diivctly comparable (p. 1 . 

The determination of density by tin* direct melluMl consists 
in weighing the gas in a gltjlie of known eapacity umler definite 
conditions of temperutuiv aiul piessun*. The glolio in which the 
gas is weighed coirsists of a spherical glass bulb sealed to a 
capillary glass sto|R*ock which slnaild be very <*arefnl)y worked. 
In order to eliminate erroi-s due to i hanges in the atmosj)heric 
temj>eratm*e ami pressure, and con^etjuently io change in the 
buoyancy of the globe, a tdosed bulb having the same exbunal 
volume Jis the density gloln* is used as a (‘ounltu j»oist* tinring the 
weighing. Further, since the weight of the gloht* varies sonie- 
what with atiuospheric conditions owing to the* eondensali(»n of 
moisture on its surface, ami since this eondensiition a))pt‘ars to 
depend upon the chemical composition of the glass, both I ht* globe 
and eounterjKUse should 1 h^ made of tlie same glass. This is par- 
ticularly im]>ortant in the ease* of small hidhs, where thti surface 
of the ghiss is relatively large, A.s a matter of convenience, both 
the globe and counterj)oise should l)€ as nearly a.s }K>.ssihlc «)f the 
same weight. 

of f hr tn i/Mjc , — The accuiraey of the result 

will, of course, in a gre^t measure depeml on the <iuantity of gas 
to be weighed, and conse<|uently upon the volume of the weighing 
globe. With a gfX)d balance there should he no diflieulty in weigh- 
ing to O'OOOOo gram., with a mass of 20 grams, on each pan, and 
it should therefore be j)ossible to determine the density of air to 
within 0*2 per cent, or of helium to within 1 |ku* cent accuiacy, 
using a globe holding oO c.c. A globe of .*3*5 c.c. eapa<dty was 
actually used in a large number of deteriniiiations of the density 
of helium and neon with satisfaetciry results ; in weighing xenon 
a globe of 7 c.c. capacity was employed. A globe of 1 GO c.c. 
capacity was used in the ciise of argon, and for gases which could 
be obtained in (quantity. 

Dderminatwn of the ewpacUy of the f/hhe, — If the gas is to be 
introduced into the globe at the atmospheric temperature, its 
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i*.a])acity may be (lebirmiiied at about IC"; the expanAion of the 
glass may be neglected. 

The globe shouhl first be thoroughly cleaned and dried, and 
the .sto))c(K»lv lubricated, taking care that the hole in the plug 
is free from grease : it sliould then be exhausted and weighed. 
After weigliing, the globe should be filled with boiled crater, and 
suspended in a basin of water for an hour or more at constant 
temperature. After observing the temperature, and closing the 
siopeock, tlie water shoiiW be removed from the capillary tube 
alM)ve the tap, and tin* bulb carefully dried and suspended from 
the bidauce for the second weighing. The weights which are 
cm])loyed in the determination of the capacity of the globe must, 
of course. In* reduecd to the same standard as those which are 
used ill weighing the gas. The results then express the den.sity 
of the gas relatively to water (sec also j). 227 ). 

i/i ndum*' of density ij/oIm.s , — It is well known tha 
glass vessels continue to contract for some time after they are 
bl(jwn, and it a})pears probable that 
a considerable change may take place 
in the volume of a density globe, 
particului ly if it is allowed to remain 
exhausted ft»r a considerable time. A 
globe of ca])acity c.c. was found to 
have suHered a considerable contrac- 
tion between May and October in 
189.1. It had remained exhausted 
I luring ihe greater part of the sum- 
mer, and when its volume was rede- 
^Imiuiiied in 1898 a further decreiise 
in volume was observed. 

The weiyhts , — Although the de- 
t(5nniiiatiou of the density of a gas 
really implies the determination of 
tlic weight of unit volume, it is quite 
unnecessary that the absolute values 
of ihe weight should be known, since 
the volume of the deusiiy globe is 
determined from the weight of water 
which it contains. It is, however, necessary that their relative 
values should bo determined. 
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Lord liayleigh {Piw. Noif. Sor. 53, •Hilt) has pointed out that 
a considerable error is incurred by neglecting to convct for tlu; 
loss of buoyancy of the weighing glolie due to contraction on 
exhaustion. The contraction of the globe is easily determined in 
the following manner: — The bulb is placed as In Fig. T.'> in a 
desiccator with a ground glass lid, so that the neck jiasses through 
a rubber-cork fitting into the hole in the lid ; a graduated glas-s 
tube also parses through the cork. The outer ve.ssel is tilled with 
wat<>r, and the posituai of the litpnd iti the graduated glass tuU* 
noted. The bulb is then exhausted, and the decreast* in volume 
measured by iletermining the fall of the column of water in the 
tula?, nio vessel must be covered with powdered ice, or kept at 
constant temi>eraturc during the operation. 

The following figures give an idea of the magnitude of this 
correction : — 




»*t 11, iti . 

1 N»t*r»‘,4sr ol 
Viduui*'. 

( oi r»*rf mil im 

Rjitiisay . 
Kayl4*igli 
Morhy . 
Morley 


i>oo 

r,.-, 

^•<>7 

0000027 

»)*of»o:if; 

‘ 0-<M)1SO 

0 010-n 


, I 

The con’ection may be add*‘d diw tly to the oUserved weight 
of the gas contained in the gloi»<>. 

Morley (p. l.'iO) applierl the tairreclion by con.striuTing two 
small gloltes, having llic «inie weight in rnt'iio, wlaisi* volumes 
differed by the amount of the contraction of the weighing globe 
on exhaustion. The.se glolics were su.si»ende«l from the Isilanee 
when the density gloljc. was weighctl emj»t)’. 

The densities of the nirc gases were determined by weighing 
them in glolx?s of capacities 16‘» cx-^ od c.e., ami 7 c.c. resjK-ct- 
iveh'. The apparittu-s employed fFig. 7<») and the nu‘th<Kls of 
manipulation are .as follows. 

The buiette A, which is intended to rweive the gas, is con- 
nected with the reservoir 1), and with a side-tulje Jl, which lic.s 
close to it. The upper -jMirt of the burette is made of the sjiine 
diameter as the side-tube, that is to say, al>out 7 rani., in order to 
eliminate the correction for capillarity. A gloss scale is placed 
directly behind the instrument, which may be uttatdieil to it by 
means of wire and pieces of cork. 
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]^y means of the two-way stopcock a the burette may be placed 
in communication with the density bulb, which is attached by 
means of a piece of rubber tube (p. 

19) to the tube (’, and with the 
pump through the stojicuck c. The 
tube 0 may contain pentoxide of 
phosphorus, but this is usually 
unnecessary, and if the quantity of 
gas to be weighed is sinall ami it 
is necessary to economise space, it 
is sometimes dispensed witli. In the 
latter case it is replaced by a small 
tube about I'o cm. long and .*> mm. 
in diameter, filled with silver foil, in 
order to prevent small globules of 
mercury from entering the density 
globe. 

The density gloljc is carefully 
cleaned, attached to c, and exhausted 
by means of the mercury pump. In 
order to prevent dust from settling 
on the globe it is enclosed in a 
cardboard box with a lid through 
whicli the stem and tap project. 

Subsequently, when the gas is^ intro- 
duced, a thermometer is inserted into the box in order to 
determine the temperature. When the exhaustion is complete, 
the tap on the globe and the tap h are closed, and the glolie is 
removed to the balance-case. After hanging for an hour in the 
buinncc-case it is weighed. 

The globe is then re-attached to the apparatus, the tap e 
opened, and the space between the globe and the tap a exhausted. 
Since a small quantity of the gas remains in the hole drilled in 
the plug of the tap a, the tap h is closed, the reservoir D lowered, 
and the tap a is turned so as to place the burette in communica- 
tion with the pump. It is usual to lower the reser\'oir so that 
the mercury in both tubes lies a few centimetres below the tap ; 
the tap d can then be turned, and the reservoir placed in its 
clamp. 

When the exhaustion is complete, the tap of the bulb is opened 
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80 as to make cerUiiu tliat no leakage has taken The tap 

a is then turned, tlie inereury allowed to (ill the hiiretle, and 
side-tube, and the gas introdueed into the burette through th<» 
syphon. The inereury drawn in after the gas is allowed to fill 
the syphon, but is not alhnved to enter the eajullary tube below 
the Up. 

l>y closing the tap <■ and opiuiing the tap ** (and'ully the gas 
is allowed to enter tiie bulb. If the tul>e # contains pMitccxido 
of phosphorus it is neces-siiry !<» <»pen lllie taji very sKovly, or some 
of the powder may he earned over with tlu‘ gas. If a large 
bulb is used it is necessary to till the burette four «»r live linu‘s 
with gas. As the gas i> usually storetl in lubes this is imt 
diftieult. Sometimes only a small tjiianlit\ of can i»e obtained, 
sometimes only lU e.c. In this case the gas is allowed iti 
How into the bulb, the reservoir O InMug IuWiuhmI till the inercuiy 
in the burette cfuues to rest at the lo]» of ilu* narrow portion. 
The mercury in the reservoir .should nt»t bt‘ at a Imvm* level than 
the junction of tiie side-luU‘ with the hnrelte. 

In measuring the pn^ssure on (he gas, lh«‘ tap h is t>peiUMb 
and the meiTury in llie side-tuln' allowed to fall to the le\el of 
the mercury in tho leservoir. In this (»)M‘ration it is usually 
necessiiry to dose tin* taji o iimi|Mirarily. for on aeiounl i»f the 
friction of the liquid in the rnhher-tnhe the mercury in the 
burette may Ik' forced up inloe. If plenty of gas can be olitained, 
the mercury in the side-tid»e is brought to the hjvel «)f the mercury 
in the narrow portion <if the hureth*, gas Ixung taken into or 
c'Xpelled from the burette Ihrougli the syphon as m iy Ik* hmnd 
necessary. If the quantity of ga.s wliieh can he ohtainetl is 
insufficient to fill the glol>e at full pressure, the mercury in the* 
Imrette is hnaiglit to the top of the narrow j>ortion hy raising 
the reservoir: the diHereiu'e of level lK*tween the two surfaces 
is then read o(f on tlm mirror wale. Any final a<lju.stm(*nl of 
pressures can Ix" made by closing the tap tl, and cf>mpre.ssing the 
nibher-tuhe by means of a screw clamp. 

The apparatus is usually allowed t<» stantl tit rest for half an 
hour l)efore the final readings of temperature and jiressure are 
taken. It is generally necessary to extinguish all gas-hurners, 
and to keep the (lf>or of the room closed during the operation. 

After taking the readings, the tap on the gh»be and the tap a 
arc closed, and the reservoir rai.scd to expel air from the side- 
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tube. I'lie laj) h is then closed, the reservoir lowered, and the 
tiij) d closed ; the ta|)s a and r are opened, and the whole of 
the gas which had not been introduced into the globe is removed 
by exhaustion. • In tin’s way it is possible to recover even the 
gas contaiiHMl in the hole iii the tap. I’he taps a and c are 
then closed, and the glolic is removed to the balance-case, where 
it is all(»wed to remain for an hour before it is weighed. 

After weighing the glo^»e, it is again attached to the apparatus, 
and after removing tlie air from the S]>ace C, the gas is jmmped 
out and colleetetl. I'he glola? can now, if necessary, l>e weighed 
again. 

TIu‘ weight of one litre of the gas can be calculated from the 
f)rmula — 




/r 

X 


(:27a -f t) TOO 
iYir ^ V 


X 1000 , 


where v: is tlu^ weight of the gas contained in the globe 
oi’ volume r at teinj^eratiire r, and under a pressure of P 
inilliinetr(*s of iiiereury at 0" i\, and V is the barometric pressure 
less the difference of tlie levels of the mercury in the manometer. 

Since jg constant and it may be denoted bv K, 

r X 2 # a 


_ r273 + o 

AN X K. 


If the density of oxygen be taken as IG, and the \veight of one 
litre l’429r» grams., 


r273) + ^ .. 16 

\) ir ■ X IV X , 

V 1*4295 


~ IP 


i 273 + 0 
V 


X A*, 


since the second factor is also a constant. 


[Table. 
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The chief sources of error in the iletenaination of density 
with small quantities of gas are due to the chung<is of surfiun* 
condition of the glass. In order to eliminate such errors as fur 
as possible, the glolajs should never be touched with the. fingers, 
and should always be treated in exactly the same manner before, 
each weighing. It is particularly important that tin; globes 
should never come in contact with mercury, as it is (|uite 
impossible to wipe small globules of mercury off the surface of 
the glass, and a very small trace would be (piitc sudicient to 
render the results valueless, l^articular attention should be paid 
to the lubrication of the stopcrx:k : every trace of grease shrmld be 
carefully removed from the outside before the globe is weighed. 

When the gas to be weighed can Ik; obtained in large 
quantity, to avoid the trouble of pumping out the pentoxide of 
phosphorus tube, a density bulb with a two-way stoi)Cock may be 
used (Fig. 77). The gas can then be allowed to flow away through 
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the second passage in the tap until the connecting tubes of the 
apparatus are free from air. 

The density of -gases in a mixture .. — The de- 
termination of the density of gases may be 
applied to the analysis of mixtures containing 
two gases of known density. lu the case of 
mixtures of helium and argon, for instance, the 
method was formerly the only one with which 
we were acquainted. "Within the limits of 
accuracy of the methods for the determination 
of density which have been so far de.scribed, we 
may assume the law of mixture to hold gofid 
for the more perfect gases (see p. l.‘{9). If, then, 
a mixture contains, in 100 volumes, n volumes of a gas of 
density d^, and (1 00 — m) volumes of a gas of density 

</,H+rf.^(100-M) = D 100. 

It must not be forgotten that the accuracy of the result is 
not of a high order unless the coefficients in the equation are 
very accurately determined, and that in the case of gases such as 
sulphur dioxide, the deviations from the simple gas laws are 
considerable. 

Historierd . — Although the early attempts to determine the 
density of gases by John Dalton, Berzelius, Biot and Arago, 
Dumas and Boussingault, and others, are of interest historically, 
it would serve 110 purpose to give an account of their 
researches here. 

The first accurate work in this direction was carried out by 
Begnault about the year 1845. The introduction of the 
counterpoise globe rendered it possible to eliminate errom due to 
the change of buoyancy of the air, owing to changes of tempera- 
ture and pressure during the experiment, and enabled him to 
obtain results which bear comparison with those of modern 
investigators. The results us expressed by him show, however, a 
constant difference from what apjiear to be the true values for 
the densities of the gases which he examined. He had not. 
observed that the globe in which the gas was weighed decreased 
in volume when exhjiusted. As was subsequently pointed out by 
Kayleigh, this change in volume involves a correction for loss of 
buoyancy. Regnault’s results were corrected by Crafts (C. r. 106, 
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ll>62) in 1888. Since IJegnault’s ileusity jilolnj hud been broken, 
another of the same dimensions (10 litres capacity) and of the 
same weight was obtained. The correction amounted to ;! milli- 
grams, swhich was added to the «!sult (^f eacli weighing. 

Within the hist few yearn the densities of the principal gases 
have been accimitely determined by 1-educ, by Lord Itayleigli, and 
by Morley. Of these investigations, Lord Jtayleigh's are of par- 



ticular interest, both with regard to the simjilicity of the' niethod.s 
employed, and to the accuracy of tin? results, so fur as ciin be 
judged from the concordance of individual results obtained by 
weighing samples of gas from dilTercnt sources. 

llie gases were- weighed in a globe of known volume, into 
which they were introduced at the temperature of ineltjng ha', 
and under a definite pressure inde^iendent of the ntmosphorii; 
pressure. By exhausting the upper chamber of the manometer 
(Fig. 79) and the weighing-globe by the same pump, the error 
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due to the pressure of air in the latter when exhausted was 
eliminated. The «;lobc, which was balanced o^jaiiist a counterpoise, 
had a capacity of 1 800 c.c., and weighed 200 grams, when empty. 
The correction for loss of buoyancy on exhaustion amounted to 
O'OOOyG gram. Its volume was determined by filling it with 
water at 0" ( '. and weighing it ; the density of the water was 
taken to lie 0 00988. In order to avoid the difticulty introduced 
tlnough the expansion of the water, the weighing 
was carrierl out in frosty weather. 

Tlie gas was introduced into the glolic by 
means of the a]iparatus shown in Fig. 78. The 
globe H, which is jilaccd in a vessel containing 
powilered ice, is connected through the tap I to the 
apparatus. The tajis M and X lead to the vessel 
in which the gas is generated, and to the Tbpler 
mercury-pump ( >. Tlie apparatus is also connected 
through 1* and L to the upper and lower reservoir's 
of the mercury nninometer shown in Fig. 7 0. 

After thorougli exhaustion a small quantity of 
gas was introduced into the glolMJ and removed 
through the immp ; the globe was then filled with 
it at normal pressure. The final adjustment was 
made by bringing the mercury to the level of the 
two iroints AA' in the manometer. 

The manometer which served for the measure- 
ment of pressure was constructed so as to eliminate 
errors due to the inequalities of the glass, etc. An 
iron rod carrying two points AA' passed through 
. rubber junctions H and F into the reservoirs B and 
('. The rubber tubes were covered by mercury 
contained in the cups K and tJ. The two reservoirs 
were connected by a tube E, so that when the 
lower one contained mei'cury and the upper one 
was exhausted the mercury rose to the level of the 
point A. In adjusting the pressure in the globe, 
the mercury was maintained at the level of the 
]>oint A by allowing mercury to enter or leave 
tlie lower reservoir through the tube K. At the 
same time the tap M was opened or closed so as to alter the 
pressure of the air in the globe, and so bring the mercury to the 


H 


A' 
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* level of the upper point. The dishiiiec between the two points 
was measured lx*fore the apiMinitus was set up, anil it was cmly 
necessary to apply a teinjxjrature correction to obtain the pressure 
on the jjas in the globe. 

The following figures were obtained for the weights of different 
gases contained in the bulb under a pressure of 1 nun. of 

lnelx^ury at 14‘Sr>'’ L\. the globe being iininersed in nu‘lling ict». 




Prepared hy elei*trt»ly>is, *2 exjK*riiuenu> 

„ „ 1 t*x|H.rimfiit 

,, from potit<siinn chlorate, o exivniia'iils^ 

.. M *t *» M 

permanganate, I ex]H‘riment 
Mean ivsult, ii'C‘27()0. 


2 0272 + 0‘OOOrifl gin 
-2 0271 i 0 000.")(i „ 
-2 02t>!iH o-ooo;)n* „ 
2-ri2»5i' • 0‘00or)(; 

2 f>27l . O OOOat; „ 


Xt/ivyen ( id rn* ) 

From air, by hot copper 2*3103 -f 0*0U0rn5 gm. 

„ hy hot in>n . 2'31 (mh O’Ooo.'iO „ 

„ hy ferr*aiJ» hydrate .... 2*3 J02 + 0*000r>0 

Mean iv.>ull, 2*3107. 

Nitr^*lfi'n — 

From animouinin chlutide and sodium nitrite, 

3 experiments ... - 2*21)87 -f 0*00056 gm. 

„ urea, 4 ex|>eriinenU .... 2 •208.5 + 0*00056 „ 

nitrous oxide - 2-2990 O 00056 „ 

nitric oxide . . ~ 2*3001 ^ 0*00056 „ 

Mean result, 2*2994. 


Air free from tcfder and mrhon dioxide — 

Weight ofga.*) contained 
in the globe. 

Highest of i»even results . . 2*37686 4-0*00056 

liowest „ . 2*37647 4- 0*00056 

Mean „ „ . . . 2*37661 4-000056 

In order to compare these results directly with those obtained 
by other observers, it was necessary to expreas them in terms of 
the weight of one litre, at the pressure equivalent to 760 mm. of 
mercury at Paris. 

To correct for pressure, the oliserved weights were multiplied 
by the factor 0‘99974. But since the measurements were made 
ip latitude 51*’ 47', it was necessary to introduce a correction for 
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gravity. This was easily effected by mnltiiilyiug by the factor 
(!«?. the ratio of the gravity constants at Paris and in latitude 

y o 1*1 y #3 

47'. 

The mean cT)rrected values now become ; — 


Air. Ox 3 :geii. 

2*37512 2C2534 

Nitrogen. 

2*30883 

The weights <»f one litw* : — 


Air. Oxygen. 

1*29327 1*42952 

Nitrogen. 

1*25718 


Lord Ihiyleigh has also determined the densities of other gases 
by means of the same aj)paratus. Tlie results obtained for the 
densitv of carbon monoxide will indicate the deijree of accuracy 
witli wliich tlie exiioriments were performed. Three sets of 
experiments were made in which tlie gas was obtained from 
entirely different sources. The figures rejiresent the w'eight of 
gas contained in the globe ; the weight of the same volume of 
oxygen under similar conditions being 2*62704 + 0*00056 
gram. 

Method of fireparation (see p, 49). Weight of gas. 

From potassium ferrocyanide and strong sulphuric acid 2*29843 + 0*00056 
From oxalic acid and strung sulphuric acid . . 2*29852 + 0*00056 

From sodium formate and 70 per cent sulphuric acid . 2*29854 + 0*00056 

Luduc has determined the densities of the commoner gases 
by weighing tlieni, under known conditions of temperature and 
pressure, in glass globes of about 2'o litres capacity. The weak 
])oint in the method which he employed lies in the fact that the 
globes were never completely exhausted. A pump was used 
which would exhaust down to a pressure of about O’l uim. ; 
that is to say, that alx)ut g**® would remain in 

the globe. A pressure of this order would be quite impossible 
to measure directly, and might vary between 0*05 mm. and 
O’l 5 rnm. ; the error introduced in this way is of the same order 
of magnitude as the difference lietween the weights obtained by 
Ijord Itayleigh and Leduc for a litre of air — 

Leduc. Lord Rayleigh. A 

Weight of one litre of air 1*29316 1*29327 *00011 

ITTW 


K 
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I,.edue s results are consistent!)' hnver tlian those of otlier 
observers, except in the case of nitrous oxide ; the discrepancies 
may, {)erhaps, be accounted for in this way : 

In a of his researches on tlu* densities of gases, 

Leduc states that the agreement between tlie valiu»s which he 
obtained for the densities of oxygen, nilrogmi, and atmospheric 
argon, are in accordance with his own deteri!iinali(»n of the 
composition of air (p. 97), the determinatiims of tlie (]uantity of 
argon in air by il. Hchhesing and Ur. Kcllas. and tlh^ densily of 
argon by Lonl IJaylcigh and Pmf. Ihnnsay. The statenuait 
contains certainly tme fallacy, in that he assumes that the 
number 19*94 represents the ilensity ^f argon with regard t<» 
that of hydrogen as unity, and not to t»\ygeii as Hi, ,ind further, 
it is }»robable that the air contains rntui* n(‘arly 19*9 than 20‘U 
per cent of oxygiai. 

A very elaborate investigation of the densities of t»\ygcn and 
hvdrogeu has been carrietl out by Hr. Mi>ih*v, and described 
in the J^ronr^fuvfs u/ Ih* ^uxlthsna 'mn Tla* metlio<ls 

employed are of too coinplieateii a nature to 1 k‘ dealt with in 
detail, hut as the wi»rk is of the greatest imjiortance, it may Ije 
as well to descrilje it hrietly. 

Tlie experiments were perft»nned in such a manner as to 
eliminate all known sourees <»f error. Special attention was 
pai<l to measurements ndating to temiierature and jiressun*, ami 
the volume expansions of each of the gases were considt*red 
independently. The globes were of ca[)acities varying from S 
to 20 litres; their capacities were accurately determined by an 
indirect method involving w'eighiiig them in w’at(*r; ami tluar 
contraction on exhaustion was estimated and eorrect(‘d for in the 
manner described on p. 120. 

The weights of the gases were determined hy siisjumding the 
globes alternately from the right and left pans of the balance, 
after the method of (Jauss. The resnlts are reduced to the values 
which would liave been obtained at sea-level in latitude 45®. 
They may be reduced to the Paris standard hy multiplying hy 
1 000316. 

Demity of ojygen (Preparation of oxygen, see p. 43).— Three 
series of experiments were made under didereiit conditions — 

1. The bulbs were filled with oxygen at temperatures, deter- 
mined by means of mercurial and air thermometers, varying 
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between 15“ and 20“. The apparatus was connected with an 
open nianoineter, .standin}^ in the same trough with a barometer. 
The readings were taken with reference to a glass scale placed in 
front of the tubes, which were 19 mm. in diameter, by means of 
a cathetonieter* The difference between the readings of the two 
instruments gave the pressure under which the gas was confined. 
'Fhe results had afterwards to be corrected by addition of 
on ac^count of an error which was found to exist in the standard 
of lengtli ; the mean resuks alone are corrected. 

2. Tlu^ globe was immersed in powdered ice and connected 
with one limb of a differential manometer, which was also con- 
nected with II vessel tilled with pure hydrogen immersed in ice. 
The mercury in tlie manometer was brought into position with 
regard to two jiiojccting points in the opposite limbs; the 
pressure rcipiired to bring the mercury to this position had 
previously been determined. 

In this series of experiments the globes w'ere kept in a 
desiccator, from which the stopcocks and leading tubes alone 
projected. The various ojierations involved in exhausting, filling, 
and weighing them were performed mechanically. 

I). The globes were immei’sed in powdered ice, and the 
pressure was determined directly, by connecting the interior of 
the apparatus with the lower chamber of a barometer. 

Table of Results 



Weifdit of one 
Litre. 

Difference. 

Volume of Bulb. 

Skiuks I 

Highest 

1*42907 \ 

0-00049 

f -21-5693 litres 

9 experinieiitd 

Lowest 

1*42838 f 

t 8*8367 „ 


M«an I'42879^‘0-000034 


Skiues 11 

Highest 

1-42880 ^ 

0*00029 

f 20-0576 .. 

0 experiments 

Lowest 

1*42851 f 

\ .. .. 

Skiuks 11 ( h ) 

Highest 

l-4->896 » 

0 00043 

r 20-5578 

9 cxpciiiiicnts 

Lowest 

1*42853 j 

1 


Mean (15) 1-42887 0*000048 


seuies hi 

Iliglu St 

1*42957 \ 

0-00047 ] 

f 8-000 .. 


Lowest 

1*42910 1 

t »• » 

Series 111 (b) 

Highest 

1*42951 \ 

0-00102 * 

1 15 0 

Lowest 

1*4*2849 J 

1 


Mean 1*42917^^0*000048 
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Ill calculating tlie final menu the ihinl series is given 
double weight. 

Weight of one litre of oxygen = 1 *42f)00±0‘00u0.‘»4. 

Hydrogen . — Five series of exi)eriinenls were made, but the 
two first sets were subsequently neglected, as the results a])peared 
to be affected by a constant tunu*, the naline of which could not 
be determined. 

In Series I and 11 the glol»es wtue directly weighed after 
filling with hydrogen, hut in the thive last series an entirely 
different plan was adopted. Three of the glolH\s were (con- 
nected together by means »»f glass tubes, and immersed in a 
large cylinder filled with jniwdered ice : ]n’ocauti<»ns were taken 
to prevent the pressure of the iee fnan altering ilie si/e of 
the globes. The capacities of the glolH*< w«‘rc alr(*ady known, 
the volume of the leading Uihes. which were als(» connected 
with the lowt*r re.scrvc»ir of a haromctt*r. was also d<*ler- 
miiied. ralladium foil, cMuitained in a glass tuiu*. was chargi‘d 
with pure hydrogtui : tin* palladium was eai)al)h» of ah.sorlaiig 
between and 4 grams of the gas. 'fhe tube was then sealed, 
weighed, connected with the tube leading to the globes, and 
heated. Tlio volume of the gas given off wa.^ i‘stimal<Ml frt>m 
the barometer rea»Hng.s, its weight was determined by detaching 
the palladium tubi*, and nwveighing it. The details of llie 
operations involved are carefully (hfscrilxMl in the original memoir 
\loc. eit.). The following is a general suiiiiiiary of tluj results: — 


Series I 

V II 


>b*an 0'Osau3S | 
„ o-osoOTO I 


These lesiiltw were 


ri'jeeted. 


The results of the last three series all appear to be of (»qual 
weight — 



ili/hrAt. 



Ill 

0089012 ’ 

1 1 

0-089856 

i|-0«98«6 

IV 

j 0-089972 i 

0089777 

0-089HH0 


! 0-089877 ! 

0-089830 

0-080866 


Filial mean 0‘089S73 4 0*0000027 


KxiMTaiUMits. 


6 



In the following table the results obtained by (lilferent 
observers are stated : — 
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Dknsities TiiK Commoner Gases expuesseu in terms 
OF Grams per litre 


— - g 

1 

1 

{ 

.\>r. 

1 oxygen. 1 

Xitr<>jf«*n- 1 

Hyilrogoii. 

. ! 

1 

1 '■ 

j 1 MaHso i 

1 "25617 1 

0*08958 

(\irr. Ly Craft- 


! 1-43011 ! 

1*25047 , 

0*08988 

Von .lolly . ! 

1 

! 1 P29:i9 

1 *25787 '■ 


(’orr 

1 

I 1-42971 1 

1*25819 


Li'diir. ISIU 


1*42910 

1*25709 : 

0*08985 

ItiyloiKlt 

1 *29:^27 

1-429.V2 j 

1*257 IS : 

0*09001 

' .Morley .... 


1 *42900 ; 


0*089873 

1 ,, M’.iris standar i , 


T129I.'. , 

j 

0*0899.51 


'I'he tnu; vahu*s |‘nr tin* cleiisitit*s of oxygon, nitrogen, and air 
]»roluibIy lie l)f‘t\vtien the values given by IJayleigh 
and IamIiu* respeiaively. It is probable that 
Jbu’ley’s delenninatioii of tlie density of hydrogen 
is the most eorrecl. Cu'd Iiavleigbs value for it is 
etuiainly slightly too high. 

Tndirni ntrfhof/ for thf ileter mi nation of thr 
(Inisift/ of a i/as. — Schlo*sing {(\ r. 126 , 1898, 220 
and 476) has devised a hydrostatic method for the 
ileteruii nation of the densitv of moderatelv heavy 
gas(?s when <»nly very small cjuantities can he obtained. 

The apparatus employed is shown in Fig. 80. The 
tubes A and 11, which are InAn lt)00 to 1000 cm. 
in length, and have an internal diameter of about 
2 or 2'r» niin., are enclosed in a M’ater jacket. At 
the bottom tlu»y are sealed to a tliree-way tap, so 
arranged that cither of them can be connected with 
the other, or with a mercury reservoir. Roth tubes 
are open at their upper ends. 

The. tubes are first completely tilled with mer- 
cury, and the gas (i, of which it is recpiired to 
determine the density, is admitted so as to till one 
of them ; the other tul»e is tilled with carbon dioxide, 

«>r some gas which is he.ivier than G, and which 
has no ehemical action upon it When the stopcock 
is turiuMl so as to place the tubes in communication, the carbon 
dioxide, in virtue of its superior density, will sink in the tube ; 
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at the same time some of the gas (i will l)e expelled, ami air 
will enter on top of the carbon dioxide as its level falls. Kroni 
six to eight minutes must ela|xse before equililuium is esttiblished. 

If the tube A liad previously contained earlKJU dioxide, and 
the tube 11 the gas, (I, which was heavier than air, and a and 
)8 are the surfaces of contact of these gases with carbon dioxide, 
the condition of equilibrium will l)e rt‘presenled by the ctjualion, 

hd W 

Where h and // are the distances from the centres of the 
orifices a and t, to the i>oint8 a and )3, and r/, and h are the 
densities of air, the gas (1, and carhon dioxitlc under similar 
conditions of temperature and pressure. The e(»rrection for the 
pressure of water-vapour is eliminateii by saturating the gases 
before they are brought into the apparatus. 

To determine the positions of the j>oints a ami the small 
gas pipettes, are attached to the open ends, a and //, of the tubes, 
and the carlnjii dioxide is absorlK*d. When tht‘ gas is returned 
to the tul>e the mercury >vill occupy, in each (‘ase, the sjwice 
fonnerly occupied by tin* carbon dioxide. 


1 


rjtiH* 

ai!ow«l for taKini; 



1 

i 

! 

1 - - 




.s'. 

in'. 

vr. 

< ‘a]ciilat4‘il 
IlClIHlI V of 

Air 1. 

■ Air . 


1-000 


0 998 



1-000 

1 Nitrogen 

1 Oxygen . 

0-990 

0-96S 

: 0 !»B7 

0-9S7 i 

0'9t56 

0-9t)6 

0-967 

1-176 

1-107 

: 1-105 

. i-ior, 

MOt 1 

MOl 

1*10.^» 

Methane . 



i 0-5:'9 


0-5r.7 


o-.or»8 


With hydrogen the results WT*re not satisfactory. I'his is 
probably due to the escape of gas by diffusion, from the upper 
part of the tube. 

Deduction of the dmsity from the ratio of the specific heals , — 
The density of a gas may also be determined from the velocity 
of sound in it, if the ratio of its specific heats at constant 
pressure and constant volume is known (j». 271). 

Avogadro's hypothesis. — Since the simple laws which govern 
the relationship between volume, temperature, and pressure 
in gases are only accurate within certain limits, it might be 
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i!Xj)ectctl that Avo<;a(lro’s hypathcsis would also be only an 
approximation. By (•oni]>aring directly the densities of gases 
and their molecular weigljts as detennined by chemical means, 
it will be at onc.e seen that the ratios do not give a constant 
\ alup, and tliat conse<]uently the space occupied by a molecule 
must vary slightly among the different gases. 


( ias. 


Molfcular Wt'i^ht, xO'a. \ 

(('alfulatei! fn>in the clieinical etjuivalent.) j 

Ilydroj^cMi 

1 oo*; 

TOO 

1 11076 


I 11071 

13 93 

14-04 

1 

Oxy^,fi*n . 

i n;ooo 

! 15*88 

10 00 ‘ 


Xumerous investigations have Imen undertaken with a view 
to determining the exact proportion in which o.vygen and 
Iiydrogen enter into combination to form water. Berzelius and 
Dulftng (A. dr f'li. (i de P/i. [2], 15, 3K9) determined the ratio 
by reducing heated copper oxide with pure hydrogen, and 
determining the (piantity of water formed. They obtained as a 
mean result for the atomic weight of oxygen the number 15’S94. 
By the same method Dumas (A. dc Ck. ct de Ph. [3], 8, 200) 
obtained tlie vidue lo’OGl, and Erdmann and Marchand (/. fur 
jtrnd. Ch. 26, 4G8) the number l.o'97G. 

These results are now interesting only from an historical 
standpoint ; the ratios, as determined by a number of more recent 
investigations, appear to show that the atomic weight of oxygen 
is less than l.o‘9. 

I'lie following is a list of the more important investigations — 




Substawci*!* 

Atomic Weight | 
oft)xygeu 
(H-U 1 

(Jookc and Kichards 

Jin, Ch, J. 10, 81. 191 

H and 0 

10*869 

Kfiser .... 

Jm. Ch. J, 10, *249 . 

H and H^O 

1.5*960 

« t . • 

/////, Ch, J, 20, 73f> 

H and li.fi 

15*869 

NoycH .... 

Jm. Ch, J, 1890, 12. 441 . 

H and 0 

1.5*877 

Dittmar and Henderson 

rhif. Si)C, of Olasgotc, 1891 

0 and ILO 

1.5*866 

Rayleigli 

/VfX*. lioy, Soc.f 1 889, 40, 42.5 

H and 0‘ 

15*89 1 

Leduc .... 

Comities reiuius, 110, 43 

0 and H^O 

15*881 

Morloy 

Smithsonian, 1895 

H and Hfi 

15*879 

t. ... 

.. .... 

0 and HoO 

15*879 1 
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To this we have to uihl the atomic weight cuIculatiHl from 
the volume relations ami densities of the gase.s. 

Scott .... l.'iHfiS 

Morley ... 

Cook ami Kiebanls, Noyes, aiul Leilnc, all einployeil iiietlaMls 
similar to that of ller/eliiis. Tlie tbriaer eompressed liydro^rt.n 
into an exhausted L'lass gli>lH\ ami hunu‘d the ixas in conUiel with 
heated copper oxide. This method" avoids the dillieidty of 
detennininij the wt»ight nf the IndroLvn, a small wei^dit at tlie 
best, hy ditlereiiee only. Ledue, who pertbnned two experiimMits 
only, reduced a weighed quantity of eopp<‘r oxide, and weighed 
the water formed. Tlu* hydn»gen ahsori»ed l»y tin* eoj>per was 
estimated hy reoxidation. 

The tirst experiments of Keiser are certainly inaccurate, lait 
the use of palladium in order to ah«orh and weigh the hydrogiMi 
introduce<l a new feature. Thi.s method in the hands of Morl(*y 
gave, at a later dat(‘. the most {iccnrate result^ which liavi* yet 
been obtained. 

llnyleiglfs method consisted in weighing iUv gase.s in glass 
globes and transft*rring them to an ajipnratus in whu h thi‘y were 
mixed and burned. The glola*s were suhseqm*ntly reweighed, ami 
tlie residual gas was analysed. If Morley s density for hydrogen he 
substituted for Jiayleighs, the number Ix'comes more nearly 1 0*87. 

Scott {Phil. Trans, determined directly the volume of 

o.xygen and hydrogen which enters into eomhinatiem to form 
water. The gases were rne^isuved in a constant voliinu* huretti* ; 
the mercury in each exj^eriment was hrmjght to a mark on a 
portion of the vessel which was made very narrow. TIkj mixture 
was exploded in .successive* <|uuntitie.s. The (*xces.s of gas uncon- 
sumed was metisured and analysed. 

In the earlier experiments the tap r»f tlie exjjhjsion pipette 
was lubricated with a liydrocarhon gi’ease. Thi.s led to the 
formation of a layer of grease on the inside of tlie pipette, whi(‘h 
was partially hurnt during the ex]>losion of tlie gase.s, with tlu* 
result tliat tin* apparent quantity of oxygen consurm^d hy the 
hydrogen was too large. 

The re.sult8 of the experiments are fairly concordant; the 
most probable result for the ratio of the volumes of oxygen to 
hydrogen is I U) 2*00245. 
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Morl(?y {Smiihmiian Confrlhitittns, 1895) has determined 
directly the composition of water by burning weighed quantities 
ef oxygen and hydrogen in a closed apparatus, and determining 
the weight of watei* produced, and the excess of gfis remaining in 
the ai)paratus. 

Tlic vomhud inn npj)orafiii< ( Fig. 8 1 ) consisted of a glass cylinder, 
through the sides of which passed tubes 
which wer(‘ ultimately connected with the 
apparatus delivering the ' oxygen and 
hydrogen ri^apcctively. The tubes termi- 
nated in small platinum jets which i>ro- 
jeeted u])wards into the cylinder; a pair 
of idatinum wires plactnl immediately 
above them served for the ignition of 
the flame (»f oxygen or hydrogen. Kx- 
ternally tin*, tidies were sealed to two 
tubes containing pentoxide of phosphorus, 
wliich formed jiart of the appanitus, and 
which serv('d to jirevent loss of water 
through diftusion, or <luring the final ex- 
haustion of the apjmratus. The apparatus 
was weighed against a counterpoise. 

The orytjen was obtained by heating 
jKitassium chlorate, and was weighed in 
two of the densitv globes which were 
afterwards simultaneously connected with 
the combustion apparatus. The hydrogen 
was absorbed by metallic palladium, ami 
weighed on an apparatus similar to that 
employed in the determiiiatjcm of the 
density of that gas. Forty-two litres of hydrogen and twenty- 
om* litres of oxygen were employed in each experiment : the 
quantity of gas remaining uncombined varied from one six- 
hundredth to one teii-thousandth of the whole. 

During the experiment the combustion tube was kept cool, 
so that the gases were drawn into it in a steady stream. It was 
possibh* to continue the «*ombustion till the pressure of the water 
vapour and gas in the apjmratus did not exceed 80 mm. of 
mercury. At the end of the exjieriment the oxygen globes and 
palladium tubes were closed and subsequently weighed. The gas 
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contained in the apparatus was removed hy exliaustion and 

analysed, and the combustion chamber sealed and wei; 4 hed. 

Sonrces of error , — The gas contiiined in the api)arutus was 

found to contain traces of carbon dioxide, and in some cas(‘s 

* 

nitrogen. These impurities w’ere traced to the asbestos used in 
the construction of the apparatus, and lo the air nmiaining in the 
globes after exhaustion : the (»rror introduced was inconsiileral)l(!. 
Experiments were conducted to determine wlietlier th(‘ gases 
were completely dried by passiige over* pentoxide of ]>hos]>horus, 
or whether that substance absmbed an appreciable (juantity of 
oxygen. 

On the other hand it remained jiossible that traces of oxono or 
of hydrogen peroxide were ftirmed during the combust mn : if tliis 
were so the apparent tiuantity of oxygen <*<aisinncd would lu' too 
great. 

SFrr (>F Klkvkx I )ktkhmi nations 

Alomic o! 4»\\jrpu IH 1*. UJ> 11. 

Highest 15-882 l7-8sa 

Lowest. 1 5-887 17*87:1 


Mkan Vam k of tuk Atomic Wetoht of 0 .\y«;kn 

From ratio O H 15-8792 

From ratio H.y) 11 15-8785 

Morley {Icr. cit.) has also determined the compositif>n of 
electrolytic gas in a manner similar to that cuuployed for the 
determination of the density of hydrogen. A voltameter was 
constnicted so that it could lie weighed, and then connected witli 
a system of globes of known capacity imniorsed in ice and water, 
and previously exhausted. The current was i)a.ssnd through 
the voltameter till the pressure iu the apparatus beemne nearly 
normal ; the pressure was then accurately detfirmined, and the 
voltameter was detached and weighed again. The density of the 
gas was deduced from the volume (43 litres), temperature, and 
pressure of the gas and the loss of weight of the voltameter. 

In each experiment the gas was analysed, and it was found 
that in every case excess of hydrogen was present. It would 
appear that during the process of electrolysis of the caustic soda 
solution contained in the voltameter, a certain quantity of the 
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oxyf'oii cutenid into coiiihiiiatiou with other substances present. 
Wliether }iy<lrof'«:ii ]»eroxi(le or ozone were formed or not was not 
determined. 


Wkight ok Oxk Litrk of Electholttic Gas 

Hif5heft 0-.535684 

Ijowcst 0‘535441 

.Meun ...... 0-335510 

Calculated directly from the density of electrolytic gas and 
the den.sities of hydrogen and oxygen, the ratio of oxygen and 
hydrogen in water becomes 1 to 2-0045. 

It is necessary to take into account the fact that the law of 
mixture is oidy approximate. Applying Van der Waal’s formula 
for the relations of t(>mperature, pressure, and volume of gases (p. 
1 7 fi), ami using the values of the constants deduced by Sarrau from 
Amagat’s observations (p. 105), the ratio of the mixture becomes 
1 : 2-00.‘157. Applying a final correction for the slight excess 
of hydrogen (.sec p. KbS) present in the gas, the final value 
1 : 2-00209 was obtained. As to whether the correction for 
pressure is valid or not i*; a question ; the results obtained for 
the conipres.sibility of hydrogen are, as will be pointed out, open 
to criticism. 

Keiser (Am. (Jh. ./., 189.S, 20, 72) has i-ecently determined 
gravimetricjilly the jiroportions in which the gases combine. 
The hydrogen obtained by electrolysis of dilute sulphuric acid 
was absorbed by spongy {palladium in a tube which also con- 
tained some pentoxide of phosphorus. The tube was weighed, 
and oxygen was admitted slowly till the whole of the hydrogen 
was consumed. The tube was then allowed to stand overnight ; 
the excess of oxygen w-as removed by exhaustion, and the tube 
was weighed. 

After standing for forty -eight hours the palladium was 
removed, and the tube was weighed again. 

Typical experimental results: — 

Weight of hydrogen. Weight of oxygen + hydrogen. 

0 - 27549 . 2-45798 
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1 

2 

4 

Mean 


Tablk of Rksi lts 

Uatio HO 

. 71)23 . 

. 7*943 

. 7*940 . 

. 7*94:i . 

. 7*9:*>7 


liiitin ll,n..o 
8*929 
, 8*:) h; 

8*9:)<> 

8-943 


Alomic Nveii'lit of oxv^on from ratio H t» . 

11 ir.u 


1 0*874 
lo- 88 (i 


111 1898 Daniel r»ertliel(»l |»oinUHl out that the true uioleeular 
weight of a gas could be calculated IVoiu its density and the 
observed deviation from Uoyle’s law {(\ r. 1898). 

Where r, is the volume occupied by a gram-molecule ot the 
gas uinler pressure the deviatiou from the simjiU* law may ho 
expressed by 


where r is the volume oecupietl by the gas under a very low 
pressure jk 

If two gases have the same molecular volume under a very 
low pressure (p. loO): 



/> r * 1 ^ * 

“ V I 1 tf /• - I ' >* ' \ i o it a p„\ 
\{ p is very small ami //„ is one atmosjihere, 

t\, l -f* 

1 -ff' 


If fif fl\ <{\ etc., are the relative densities of different gases 
under atmosplieric pressure, their relative molecular weight will 
be ( I — (i)d, ( 1 — a)il\ etc. 



Hytln^'en. 

Xitntgfu. 

C'jirlion nioiioxi(ti\ 

Oxygen. 

«... 

— iiuuo^*o 

0*00038 

‘ 0*00046 + 

0*00076 

a -a 

1 •00046 

0*99962 

0*99954 

t»*90924 

rf . . . 

0062865 

0*87508 

0*87495 

1 

Mol. wt 

2*01472 

28*0132 

28*0068 

32 

At. wt. 

roo74 

14*007 ( 

’. - 1 2*007 

16 

At. wt. from results 
of analysis 

1*01 

14*04 

12*00 

16 



CHAPTEIi XIII 

THK IJKLATIONSHIP OK TEMPEKATUUE, PHESSUUE, AND VOLUME 
OVER LIMITED RANOKS OF PRESSURE 


aii<l Larmiirh'rs — 'lViiiiK‘raliin‘ corn'ction lor of (H>lum]i of 

iinTciiry - < lay- Lnssac*. (’liarl«‘.s, I>ultoit« Kudber^, and Kegnaiilt — Pressure 
• •iM'Miciriits of «‘\|>aiisioii -- KxprniiiHital detcniiination of the jiressure coefficient 
-'riu* gjis th< riii<jineU‘r--Teiii|H‘i*atuiv on the a))sohite scale — Abnormal 
i \}iansion Tin* lehitioiiH of tem^KTature pressure and volume in rarefied gases 
The M ‘Leod gauge. 


The siinphjsl Ibrm of pressure gauge for the ine^urement of 
pressures lower than atnK)si)heric pressure, consists of a piece of 
glitss tulie of uniforni bore Ix^nt on itself (Fig. 82, a). The lower 
end of the longer limb of the tube is open, and dips below the 
surfact*. of the mercury in a basin; the other end is connected to 
the apparatus to be exhausted. The height of the column of 
mercury in the tube is measured by means of a scale with an ivory 
point which is brought on to the surface of the mercury at each 
reailing; or a ])arometer is placed in the basin by the side of the 
gauge, and the diflerences of level of the mercury in the two tubes 
is determined by means of a scale placed behind them. 

A more convenient form of the instrument, whicli may be 
used for measuring pressures l>etweeu 1000 and 10 millimetres, 
is shown in the next Hgure. The ditfercnee of level of tlie 
mercury in tlie U-tube is read ofl’ directly on a scale placed 
behind it. Sometimes, if the instrument is intended for the 
determination of reduced pressure only, the vertical tube is bent 
so lus to bring the two surfaces of the mercury directly one over 
the other. Care must be taken to obtain a piece of tube of 
uniform bore, and this is not easy ; the diameter of the tube 
should not be less than 7 millimetres. 

For the measurement of pressures below 1000 millimetres it 
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is sometimes convenient to employ a closed vacuum gau<<;i* (Fig. 
82, c\ The upper end of one limb of the U-tube is scaled, and 

a trap is inserted to j)revent traces of 
air from entering. The appanitus may 
easily be tilled with 'mercuiy in the 
following manner. 

A glass hull) is sealed to the open 
limb of the manoiueler, and lht‘ whole 
aj)])aratns *is thorougldy cleaned and 
dried. ^lercury is then introducetl 
into the bulb, and the ai^jaratus is 
connected with tht‘ water ]»ump by 
means of a long rubiu'c tailie. ]\y 
withdrawing aiul then readmitting the 
air, mtucurv from the bidb is allowed 
to ruTi in small »|uanlilies into the* 
closeil limb t»f tin* U'(nbt‘. Each time 
mercury is admitteil. the tube is care- 
fully healeil by nu*ans of a Ihinsen 
burner, so that the mercury boiling 
in vacuo expels the whole of the air. 
The heating n(‘ed not b(* continued 
after the tube is tilled to above the 
level of the trap. 

A ilifi'irnt 'ud nunwintfa- of great 
delicacy W'as (unployed hy Morley (p. 
131) ill the delerminulion of the density of oxygen. Two 
bulbs connected by a U-tube contained glass points i)rojecting 
downwards. The mercury, whicli half- filled each bulb, was 
brouglit t(i the level of the glass i»f>iuts in each expiuimcnt. 
The whole gauge was maintained at the temperature of melting 
ice. The very sensitive differential manometer emj)loyed by 
Petterson in his apparatus for the determination of the carbonic 
acid in air might also find further application. 

The manometer employed by I..ord Paylcigh in the deter- 
mination of the densities of gases is described on p. 127. 

Barometers . — The common syphon barometer is too well 
known to require description. 

A very convenient fonu of barometer (Fig. 83), which possesses 
the advantage of being very easily filled, has been described by 
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Collie {Client. Soc. J., 1895, 129), The stem of the 
iiistrumeiil is seidcd to the top of the cistern, which is 
in the siune uxis with it, and is continued to the 
liottom of the cistern by means of the capillary tulie a, 
wliich is bent lo one side. The cistern communicates 
with the air tluough the tulie b ; the trap c below the 
upper chamber serves to catch any minute bubbles of 
air that might find their way up the .stem. 

The instrument may ije filled with mercury by the 
usual process of introducing small quantities of mercury 
and boiling to expel the air, or by tlie following method. 
The tube, h is made rather long, and is drawn out to a 
long capillary aliout O o mm. internal diameter. The 
tulni is sealed to the pump and the instrument is 
exhausted as far as possible;, while the glass is heated 
to remove moisture. The capillary tube can then be 
.sealed, and by breaking the point Ijeneath the surface 
of some mercury in a basin the Ixirometer may be 
filled, leaving only an inappivciable trace of air in the 
upper bulb. 

The pri'sence of a minute trace of air has practically 
no influence upon the readings of the instrument, and, 
indeed, when the air has been completely expelled, the 
mercury adheres to the glass after the instrument has 
lieen tilted, and only by wanning or shaking can be 
made to fall to the barometric height. 

The readings are taken with reference to a scale 
placed behind the instrument For absolute determina- 
tions of the bannuetric height in experiments on the 
densities of ga.ses, etc., the saile should be compared 
with a standard of length. 

The ti'inperatiire correction . — Since both the density 
of mercury and the length of the scide change with 
temiHuature, each time the barometric height is read 
the temperature is taken, and a correction is applied in 
order to determine the true pressure. The correction 
may be applied by direct calculation in the following 
manner. 

Supiiose the scale to be of standard length at 
temperature t, and that the reading is taken at 





Piu. 88. 
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temperature t\ which may he taken as identical for scale and 
barometer. 

If I is the observed reading at /, since a greater number of 
divisions will correspond to the same length at the lower tempera- 
ture, the corrected ivading will l>e /[I -f «(/ — /’)), where a is the 
coedicient of expansion of the scale. If the scale is correct at 
0" C., and the tempeniture i.s exjaessetl in degives ( 'entignule, the 
con'ected muling liecoines /( 1 -f- a/V 

Similarly, if the corrected height'' c»f the mereurv eoluinn 
alone Ijecomes 

. ‘ 

/(1 1 .rOOOOlSD 

/„ _/[l -(ooooisi -„y] 

The coetlicient n has the following values; 

For btn.-.- 0-00()(M8s 

For .steel O-O0Ot)lO4 

ForgW- .... O-OOOOO!)! 

The assumption that the .scale is correct at 0 ( '. cannot as a 
rule be made. 

A scale, from whicli the l•Mrrecliou may la* rend off directly, 
may lie con.structed in the following manner (Kig. S4). 'I'lie 
ordinates repre.sent in millimetre.s the height of tlie mercuiy 
column, and the abscissie the correction in terms of tlie same units. 
The correction for each alternate degree of teniperaturc is repre- 
sented by one of the diagonal lines; intermediate points may be 
obtained by interpolation. In constructing the scale, the values 
of the correction to be applied to a column of mercury are 
calculated from the equation — 

Correction - l(fi - a)t 

The following values have Ijcen calculated for a barometer 
800 mm. high with a glass scale correct at 15 ' C. 


8 ' 

1101 

16 

2*201 

24 " 

3*302 

10 '* 

1*376 

18 

2*477 

26 ’ 

3*578 

12 " 

1*651 

20 ' 

2*752 

! 28 " 

3*853 


1*926 

22 

3*027 

30 ' 

4*128 


J. Shields (Phil. Mag. May 1896) has described a mechanical 
device for determining the correction to be applied for tenq)erature. 
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The instrument consists of a barometer of tlie Collie type, moonted 
in front of a mirror scale in such a iiiauner that it can be given a 
vertical motion by means of a screw A, The mercury in the 
cistern is adjusted to tlie level of a zero line B, and the height of 
tlie column is I’oad off oh the scale which is ruled in millimetres 
lietween 70U and 800 millimetres from this point, th^ inter- 
vening space is left blank. 

'I'he attachment by which the temperature correction is 
applied, consists of a thermometer which is clamped to the stem 
of the barometer ; the capillary is so bent that the portion C of 



it which contains the end of the thread of mercury lies in a 
horizontal position in front of a scale. The thermometer moves 
vertically with the barometer when the mercury in the cistern is* 
adjusted to the zero line, and consequently each position which it 
can occupy corresponds to a certain length of the mercury column. 
The correction is read off by determining the position of the end 
of the thread of mercury with regard to the horizontal dhisions, 
which are naturally wider at the bottom than at the top, since 
they correspond to longer columns of mercuiy. 

The method of ruling the scale requii-es some explanation. 
Since it is required to reduce the barometric heighc to 0“ 0., 
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it is obvious that the zero line must be a vertical 
line correspondinji to the zero of the thennoineter. 
It is not necessary to ih.‘terinine 
the length in niilliiiu‘tres cor- 
ix*sponding to 1 on th(' therino- 
nieter stein ; suppose tliis to be n 
milliinetres. 

Since tlie distance through 
whicli the barometer is raised or 
lowered to set the level of tlu‘ 
iiieroury in the cistern to the zero 
line, is mie-half the distance that 
C the barometer has risen or fallen 
since the lust adjustiiu*nt,a distanet* 
of r»U miiK between the u]>per and 
lower horizontal lines on the scale 
will eorn\s[>ond t(» a difference of 
lUO millimetres of barometric height. The length 
of the divishms I, 2. -1, ('an he found frmu the 

efjualion 

Substituting nf for f to obtain tht‘ length in milli- 
mctre.s. and if the scale is of glass. 

One div:>iun «»f the upper line - fiOO (()‘00017'J) nt, 
hmei „ - 700 (OOOOJ7:i) .. 

Tliese points are tlien joined by straight lines. 

After Sitting up tlie instrument the position of 
tlie thermometer is adjusted without difficulty. 

In barometers such as have been described 
g there i.s no correction for capillarity, but in every 
case the instrument should Ikj tapped with the 
finger Ijefore a reading is taken. 

Ahfiolifte iurnnal. prej^^nr. — Since the absolute 
normal pressure is expressed by the pressure 
exerted by a colmrm of mercury ‘TO metre in 
height multiplied by tlie gravitation constant, it i.s 
A necessary to apply a correction in order to compare 
observations taken in different latitudes, or at 
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dili'eveiit lieiglils above sea-ievel. The value of the gravity con- 
stant in latitude 45', which is taken as the standard, is 980*61. 
For the comparison of the densities of gases the Paris standard 
(y=: 980*94) hiui been employed (p. 128). 

JMfidini 0 / tfiiiperulitve toul t'olamc . — Although Dalton and 
C'harles may ho said to share the honour of the discoveiy of the 
law connecting volume and temperature, it is to Gay-Lussac and 
Humholt that we owe our |ir8t definite knowledge of the subject. 
The.se two philosophers determineil the coefficient for air under 
constant pressure, and later fiay-Luasac e.xtended the observations 
to other ga.ses, proving that the expansion was practically the 
same in every case (VI. //c Vh. et df Ph. I. 43 , l-‘>7). 

A glass bulb, sealed to a long capillary stem, was filled with 
jiiercury, and tin* gas was introduced so as to leave a pellet of 
mercury in the stem. The bulb was placed in a metal vessel, 
which coulil 1 h* tilled with ice or boiling water, .so that the stem 
projected in a horizontal jiosition through the walls. The volume 
of the gas was indicated by the imsition of the pellet of mercury 
in the stem, which -was graduated ; the mean coefficient for air, 
ciirrected for the exi»ansion of the glass, was found to be 0*00375. 

This number was accepted as correct till 1830, when, it was 
shown by Uudlierg, a Swedish chemist, that the true value was 
near 0*00;50o, pointing out that in Gay-Lussac’s experiments the 
bulb probably contained moisture. The measurements were mode 
at constant volume. 

As in the case of many other physical constants, the relation- 
shijis of temperature, pressure, and volume were first accurately 
determined by Ilegnault. The increase of pressure at constant 
volume was lietermiiied by means of an apparatus consisting of a 
glolic connected by a narrow tulie with a mercury manometer. 
The mercury was brought to a mark on the manometer by means 
of a screw adjustment, and the difference of height of the mercury 
ill the two limbs was measured directly. The bulb was immersed 
in ice or surrounded with steam ; a correction was applied for the 
gas contained in the leading tube and in the top of the mano- 
meter, which remained at the temjMjrature of the air. 

In the deUirmination of the volume expansion at constant 
pressure, the limb of the manometer, which was connected with 
the bulb, was graduated, and the volume of one division as well as 
that of the bulb and connecting tubes were known. The mono- 
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meter was maintained at consUint temperature in a water-jacket, 
and at each reading the mercury was brought to the same level in 
both limbs. II is results were as follows: - 


Air . 

Hydrogen . 
Xitrt'geii . 
C^irbon dioxiiU* . 


At coiiNtaut 
Volume. 

t>oo:m(J7 
0*003007 
‘ >003008 

0*003U8S 


At l ou.slaiit 
I'ri'.S'.urt*. 

0003070 

o-ooaaol 

0 003110 


The results show I luit both the volume and prcNSure eoehicients 
vary in the ilifierent gases, and that the two constants are not 
the same, even for a single gas. As might lie expected, the 
diflerence between the two constants is of the same order and 
sign, as the variatitm of with p for any i)artieular gas. 

Kegnault also determined the relative exiKinsion of air and 
other gases by a ditVerential methoil. 

Of recent years more attention has been paid to the deter- 
mination of the jjressuie coefficients, tlie determination of the 
increase of pressure j>rodueed by beating a gas at <*onstanl 
volume. 

Von Jolly [P. J.1874, 11 1880, 2019, tOl, L\ r. 106, 162) 
has obtained the following values f<jr the ]>resHure coefficients of 
the principal gases 


Hydrogen 
Oxygen 
Niirugeri 
Nitrous oxide 
Carl>oii dioxide 


0*003«.'i62 

0003G742 

00036677 

00037067 

0*0037060 


The values of the coefficient for air ilelermiri(*d by Hegnault, 
ili^nus, and Jolly, corrected by Mendeleef (B, 10, 81), sliow a 
very close agreement. The mean, 0*0036700, may be taken as 
very near the true value. 

The most accurate determinations of tlie pressure coeflicients 
of hydrogen, nitrogen, an<l earln^n dioxide that have yet been 
made are prob^ibly those of P. Cliappiiis of the Bureau Inter- 
national. The details of the experiments, which have been 
carried out in this institution, are described in Guillaumes 
Therm(metrie and in the Travawo et 'M^mnireH de la comiU inter- 
nationrde des measures. The tlieriiiomcter bulbs employed 

were made of platino-iridium : — 
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Coefficient at 0' C*. Pressure at 0 C. 
Hydrogen . 0-0036624 1000 mm. 

Nitr<^en(atraoHpheiie; 0-0036744.’> 1000 „ 

(krbon dioxide 0-00372477 99.5 „ 

. 0-00.371634 870 „ 

The comihl intrrnntinnnl liave adopted as a normal thermo- 
melric scale the constant volume hydrogen thermometer, having 
an initial jn-essure of 1000 mm. of mercury. On this scale the 
freezing and boiling-points of water are 273-04 and 373-04; 
and as it appears probable that the value of the pressure- 
coefficient is nearly independent of the 
temperature over a considerable range, a 
degree of tempeniture has the same value 
at any point of the scale. The volume- 

-'coefficient for hydrogen under similar 
conditions is found to be 0-0036600, 
which gives 273-2' as the freezing-point 
of water. The variation of the volume- 
coefficient witli pressure is given by 
Amagat ns 

&■ 

„ =0-00000186 

0 /) 

per atmosphere. 

Chappuis has compared the nitrogen 
thermometer with the normal hydrogen 
thermometei’. The variation between O’ 
and 100" is insigniticant, and at 500° C. 
amounts to 0-07‘. 

In order to illusti-Jite the general prin- 
ciples of the method by which the pressure- 
coefficient of -a gas may be determined, or 
by which tempeniture may lie determined 
by means of a constant volume gas- 
thermometer containing a gas whose pres- 
8urc-coeffi«5ient is known, some experiments 
carried out by Kuenen and llandall {Phil. 

Mttff. 1895) will be described. The ap- 
paratus employed is sh'>wn in Fig. 87. The bulb a, which 
was 120 mm. long and 22 mm. in diameter, was sealed to a 
capillary stem, and was connected through a stopcock with the 
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rnbber tulw c, leading to a luiTcurv ivservoir, imd with an 
apparatus for tlie introduction (»f the gas (p. 1500). The 
rubber stopjwr r was placed on the stem Iwfore it was sealed 
to the bulb. 

Tlie reservoir was first tilled with nuTciny, and raised till 
the mercury rose to the level of the to]» of the rubber tube, 
the tube was then closed by means of a rubber pinchcock. The 
bulb was then exhausted, the gas introduced, and the side-tube 
d, which had previously Iteen <lmwn out to capillary «liameter, 
sealed in the blow-pipe dame. The pressun* of the gas in the 
bulb at the ordinary teunHuature was about two-thirds of an 
atmosphere. 

The bulb w;is Hret surrounded with Juelling ice and then 
heated in a ItaJusay and Young vapour-jacket to the tempeialure 
of the vajiour of certain jnire liquids, of which the lM>iling-)>oints 
were accurately known. The t»‘nnK‘ratnres were (aaitiolled by a 
series of experiments in which the bulb tif ilu; ihermometer wa.s 
filled with air. The vaiMur-jackcts were protected from air 
currents by means of a screen. The method of measuring the 
pressurt* on the ga.s consisted in bringing tin' mercury to a point 
on the wide tnlie alKtve the Up and just Im'Iow the ('apillary. 
The vertical height of the mercury cohimn was read by means 
of a scale and ttdescope. Correction.s were a])plied for capillarity, 
and for the temperature of the mciviiry. 

The volume of the bulb was determined, and also the volume 
of the stem outside the vajMJur-jacket ; the volume of the latter 
junounted to alx)Ut of the W’hole; it wa.s cori'ccted for. 

The volume expansion of the bulb was determined for another 
piece of the .same glass by the weight IheriiKtineter metluHl, the 
expansion was taken to be a linear function of the temperature. 

The following results serve to indicate the accuracy of the 
method : — 
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I 


Mi;; pfMiit Ikihit 
of , of 
WaU*r. \Vat**r. 


ill tlllll. 

of MiMrury. 


IViiii»eniture Giulculated. 


CoflHrii*iil 

of 

Bx|>itiiMioM, 
0 • 100 . 


Chloro. 


it!" 


llromo* I 
naptha- : 
line. I 


j Hydrogen 71'2 r»6 ... 131*6 '{ 1H3*9 236*35 ... > 

Air(^/J 73774 ... 131*.s i 183*9 (234*9) 281*65; 

Ifrliuni, I) 2 13 . 567*0*2 7J5 *18 ' 0 003665 132*2 I 184*1 236*9 

Arffoii (#fi. D -19*99 517*02 , 706*06 0*003668 13*2*15’ 184*1 ‘ j 

Ai*«oii/'/> .... 629*54 ... ... 237*8 281*5 j 

j Air(5) 511*68 698*79 /4*003663 i 237*1 

I RaiiiHay and Voiiii;' 

, {O. S. J.. 47 , 640. 

55,483. ... ... 1.3-2-1 184*4 237*4 2S0*4 ; 


‘'Fhe lxjiliiig-]>oiiit of water wa.s determined from tlie measiire- 
moiita of Kolilrauscb. 

Tlie same instrumeut has been employed in the measurement 
of low temperatures by Olszewski and others ; but though in 
many cases the results appear to be very concortlant (p. 1 56), their 
absolute value may sometimes be (questioned, since the correction 
to be applied for the yolume of the gas in the part of the stem, 
which is not cooled, and for the contraction of the glass, are 
somevvliat difficult to determine. ^h\ llaly has determined the 
ron traction of glass between the atmospheric temperature and 
— 180 with the following results: — 

Volunii* cocfliciviil about normal temi>eratiire 0*0000285 
ln'tween 0' imd - 150" C. . 0*0000219 

'fhe results show that the coefficient cannot be considered as con- 
stant down to tlie temperature of liquid air. 

7%^ rompensatnf (vnsiant’prc^a^vrc f/as thermometer. — In order 
to eliminate the correction for the uncooled jiortion of the stem 
of the thermometer, Calleiidar {Proe. liotf, Soc. 60 , 247) has 
introduced an instrument which I shall describe in detail, as 
it is cajiiible of giving results of the highest accuracy. The 
thermometer is of the cotidanf pressure type, the pressure of the 
gas being adjusted, and the volume measurad at each experi- 
ment. Tlie instrument, which is shown in Fig. 88, consists of 
two parts, B a burette connected by the capillary tube a with 
tlie thermometer bulb A ; and a bulb C, also sealed to a capillary 
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tube i, which is of tlu* Siiine (liineusiuiis as, aiul is bent 

similarly to u. The two parts 
ot‘ the instrument arc con- 
nected to the two limbs of 
tlu* (lilVertMitial manometer 
l>. Tlu* readings are taken 
by measuring the volume of 
gas in the burelle after 
ailjusting the li*vel ol‘ the 
mercury till the ]>ressun* in 
the two parts of the ap- 
paratus, as indicated by the 
tliflerential manometer, are 
etpial. ^ 

The conditions under 
which compensation is ]H‘r- 
feet are very simple. They 
ar(‘ — rij That the two sets 
id connecting tubes, the 
lairettc 11 and the bulb (\ 
should bi^ at the same mejin 
temp(»rature: (2; that the 
of gas in the two {wirts of the instrument should bo the 
; (T) that the pressures should be adjusted to equality. 



Via. 88 . 


mass 

same 


Where V., = volume of air in bulb C, 
ino - mass of air in bulb T, 

- temperature of air in bulb C on tlie air scab*, 
pre.ssure of air in bulb C, 
r -volume of connecting tubes, 
d = temperature*, of connecting tubes on the air scale, 




where k is a constant. 


= volume of air in tbermonietric bullj A, ami 0^ its teinjierature. 
V„j « volume of air in mercury burette B, and its temperature. 
mt = mass of air in thermonietric bulbs anil burette. 
pt ~ pressure of air in tliermometric bulbs and burette 


/Vf V,„ vx , 
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And since = m ami pf =p,„ 

15y keepinff the standard pressure bulb B and the burette at 
tl>e siirno tcinperatui’e d„, 

fi ^ t ^ 

= V -V ■ 

It remains to •jive a detailed (lescription of the construction of 
tlie apparatus and the method of using it. The dimensions of the 
bull)s A and C will, of course, depend upon the purpose to which 
the instrument is to Ije applied. When employed as an air thermo- 
meter in measuring temperatures not hir distant from the normal, 
wlien the bulb is immersed in a liquid which is well stirred or 
which is boiling, a capacity of ”>0 c.c. is a convenient dimension. 
In the measurement «if low temperatures, and in cases in which 
it is diflicult to maintain a considerable space at the same 
temperature, the bulb should be much smaller. The range of 
the instrument will also depend upon the relative sizes of the 
bulbs, for if the bulb A is not considerably smaller than the 
Imlb (', it will be impossible in measuring low temperatures to 
adjust the pressure on the two sides of the instrument to 
equality by allowing mercurj' to enter the burette, the two 
masses of gas being equal to one another. 

The manometer is shown in the figure detached from the 
rest of the apparatus so as to make its structure clear. The 
tubes r tl are connected with two U- tubes of about 1'5 mm. 
diameter which lie in the same vertical plane. The tubes are 
sealed to two-way stopcocks, so that they can l)e filled with 
sulphuric acid and mercuiy rosiMJCtively after the apparatus 
has been exhausted an«l the gtos introduced. The vertical limbs 
of the inner U - tubi‘, which contains the sulphuric acid and by 
which the final adjustment of the pressure is made, lie as 
close to one another as possible. The outer U - tube contains 
mercury,- and is employed in roughly adjusting the pressures to 
ecpiality ; it may bo dispensed with if the adjustment is made 
by means of a riiercury reservoir attached to the burette by a 
rubber tube. 

The apparatus may be exhausted, and the gas introtluced by 
means of a two-way stopcock E, connected with both sections- of 
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the iiisti'uraent which, for convenience, may also coinnuinicate 
through a second stopcock. 

The burette H may Iw graduated, and the readings { may 
be observeti tlireetly by means of a tele-seoja*. In tins ease the 
burette is connected, thmngh a .•stopcock and piece of rul»l)er tube, 
with a mercury reservoir, ami the sidphnvie acid is brought to a 
level in the two limks of the U-tulie hv raising or lowering it. 
More uecumte nieasureiuent^ i*au. however, ]>e made hy 
the hiirette with mercury to a jKunt on the capillary U\\n\ and 
ruuuiug the luercury into a weighed vessel till the ]ut»ssures are 
brought to equality. The volume V, is obtained from the weight 
of the mercury, the mercury manometer being nseil in tla* first 
instance for the adjirstment of the [jressnre. If the burette is 
connected lo* one tnln,* of a two-way slopcoch witli a niercurv 
reservoir, ii ran at once be refilled with mcivurv fur a secoial 
observation, ll is of course necessary to turn the two stoi»co(d\S 
on the sulidinric acid and mercury gauges during this oj aeration 
to prevent the acid or mercury from being forced into the bulb 

The apparatus may be set \\\> as indicated in the figure. The 
burette and the lailb (* are enclosed tdther in an air spart* 
between sliects iif glass, in a water-jacket, or in a vesstd con- 
taining iiitdting ice ; tiu* temi>eratmv 0,^ is read on a Ihermoineter 
placed l>et\veen them. The (’onnecling tubes may be covered 
with cotttjii wool. 

The oiKJration of filling tJa* in.slnimenl with gas may be 
carrieil out in the following manner. 'file apparatus is first 
exhausted and allowed to remain in connection witli the jannp 
for s«)me time to itunove traces of moisture, and to show whetlaa* 
it is perfectly gas-tight. It i.s then filhtd witli pure air, or with 
liydrogen from palladium i]K 4o), and l>efore the stojicock con- 
necting the two sections of the apparatus i.s clo.sed the level of 
the mercurv in the burette is set so that the volunui of each 
.section is the siuiie, ami the whole a]>[)anitu8 is left to itself iii 
a room iu which the tem|H:rature i.s constant. If a very liigh 
degree of accuracy is desired, the huiette and the com])ensating 
and thermometer bulbs are .surrounded with melting ice. The 
stopcock can then be closed. 

The (Oigolvte male of tewiw.folvre. -The terms, absolute zero 
and absolute temperature, iiitroiluced by Tx)rd Kelvin in 1 H48, ai’e 
somewhat loosely used, and without going far into the question 
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it may be well to say a word or two with regard to their 
significaiicc. 

In the simple gas ecjuation 

* PV = 1{T 


the temj)erutui'e, T, is reckoned from the zero of the perfect gas 
thermometer, and if the degree of temperature lie arbitrarily 
defimtd as onc-hundredtit jiart of the difference between the 
melting-point and boiling-iioint of water under normal pressure, 
these points will li<‘ close to and .‘57S° on the absolute 

scale (see p. 1 4?);. 

iVs fur as is at present known, or is indeed possible on 
theoretical cxjusiderations, no gas obej’s exactly the simple laws. 
X.'onsecjuently, if the value of a degree of temi)erature is maintained, 
the absolute temperatures of the melting and boiling-points of 
water will only a])])ro\imate tf) the temperatures expressed on 
the scale of a gas thermometer. To determine the exact relation- 
sliij) Ijetween a gas scale and the absolute scale of temperature, a 
complete knowletige of the thermo-dynamic properties of the gas 
would be necessary. The lelationship of temperature, pressure, 
and volume, should be determined over a considerable range, and 
the Joule-'l'homsou etiect (p. 188), which gives in a sense a measure 
of the perfection of the gas, should be known. Unfortunately, in 
the case.s of hydrogen and helium, we have no accurate knowledge 
whatever in this direction. In the lirat case the gas employed 
has always been very impure, and in the second no experiments 
have yet been attempted. It appeal's proliable that helium and 
hydrogen approach ven^ nearly to the jwrfect gas, since the value 
of pr for them ait^Kuirs to vary only very slightly from the normal 
over a considerable range of pressure. Olszewski’s observation 
that the readings of constant-volume thermometers filled with 
hydrogen and helium agree exactly down to the boiling-point 
of liquid oxygen suggests that in neither case is the difference 
between .the gas .scale and the alisolute scale of any magnitude. 

1 1 is highly improliable that if any gi'eat diveigence occurred it 
would be the same in both cases. 

In these exjieriments Olszewski employed two constant 
volume thermometers of 10 c.c. capacity. The following figures 
indicate the nature of the agreement between the rasults, though 



EXPERIMENTAL STUDV OF C:ASES 


CIIAI*. 


156 


they must only be taken as eounMirafivo, and not as direct, 
mensurenients of temperature. 


Vajwnir pressure 
of HtpiiiJ. 

741 

•240 

90*4 

1-2 

0 


'IViuiieratnn* lix 
hvlinm theriiotiiivtiM. 
- 0 
101*8 
ll)8-7 
209:1 

•2100 7 


'IVnipfiature l»y 
liyMropMi tlu*niu»ii»vt«T. 
‘ - 182-0 
191-85 
1 98-7 5 

209- 2 

210- 0 


It may bo adiled that holiuiii aj)prna('lK*s l^u^l iu*arly to tho 
ideal therniouietric suhstaiu-e, and, imleotl. funushes the anlji 
means of iiieasurint: aeeuratoly temperatures about and below 
the l>oiling- point of hydrogen. For sueh pnr]K)S(*s the lielinni 
must have been freed from argon or other gases of higher boiling- 
point. Furtlu‘r, sim-e the gas eannot undergo dissoeialion at 
high temperatures, and.does not pass through the wall of a red- 
hot platinum vesstd, as dues hydrogen, it may also be applied t(» 
the measurement of high temiHn*ature.s. 

For the actual measurement of temjuu-alun* it ai>}>oar8 
probable that the constant- volume tlu*nii(uneter gives n^sults 
which approximate to the absolute temperatures. Aecording 
to Van der Waals, the jtressure-coetlicient at constant v<»lume is 
independent of the temperature, the equation 

fi - ' / 1 o O). 1 < I 

^ r - h r- 

becoming 


in the case of the more permanent gases umhu* normal pressure. 
Though this is not strictly true for high temperatures it is 
probable that the deviations at low temperatures are of a lower 
order than the furors of exfieriment. 

Abnormal cxpanAon . — In the majority of <*ases, as has already 
been pointed out, the pressure-coefficient l)etween 0 and 100° is 
practically constant. It must not be forgotten, liowcver, that this 
is not the case with gases whose boiling-points are not far below 
zero. Sulphur dioxide shows a considerable variation in the 
pressure-coefficient (Amjigat, C. r. 7'b I8:»). 

0' - l(r . 0-00423:3 

10 -20 0 004005 

50 0-003840 

100 .... 0-003750 
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V, Mayer aiul Lsmger {PyromdrMie Untcrmckcn^ 1885, and J?., 
1885, 1501) have shown tliat at liigh temjienitures sulphur 
dioxide and nitn)gen d<i not show tlie same expansion. It would 
appear that under tliesi; eonditions the polyatomic gases, and 
])erhaj)s even the diatomic gases, dissociate. 

The rdatwndnfi of frmprrntnre, prtsHHre, o.nd rohone in rare- 
fied f/asrs . — Until recently no method has Ijeen devised for the 
determination by dir<‘ct measurement of the ])ressiires exerted 
by raretii‘d gas(‘s, ami, imfeed, when the pressure becomes equal 
to a column of mercury less than two or three millimetres in 
lieight, it becomes dilhcult to obtain accurate or concordant 
()l)servations. 


The McLeod yamje . — This instrument (Fig. 89) was designed 


witli a view tt) measuring the pressure exerted by rare- 
iied gases. The cylinder A, which terminates in a closed 
capillary tube is connected through the trap E with 
the apparatus under exhaustion through the tube I>, and 
with a mercury reservoir attached to B. The capillary 
is graduated and calibrated, and the capacity of the 
apparatus to the lower opening of the trap is known ; 
the tube D is also graduated. The whole apparatus 
may, if necessary, be enclosed in a water-jacket. 

In taking a reading the reservoir is raised so that 
the mercury rises in A and D, forcing the gas contained 
ill A into the capillary. Between measurements the 
level of the mercury is kept just below the tmp. It 
is found tliat if the mercury is allowed to fall any 
distance lielow the trap when the reservoir is raised 
air is drawn through the trap into the chamber A. 
The volume of the gas is then read off, and the pressure 
on it is directly determined from the difference of level 
of the two columns of mercury. 

If it were jnjssible to make the assumption that the 
law 

holds gu.'l over wide differences of pressure, since the 
initial and final volume and its final pressure are known, 
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it would be possible to calculate its initial pressure, and it is 
only on this assumption that the McLeod gauge serves to measure 
pressure. It does, however, serve to determine the volume of gas 
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measured at uurmal teinpewituro ami pressure which tills n 
partially exhausted space. 

The relationships of twnpei-atuiv, pa-ssure, and volume of 
rarefied gases, and the etticiency of the McIa'ihI gauge, were 
made the subject of a thorough investigation by Professor 
liamsay and >Ir. E. C’. Italy; a historical ivwj/wo' of the 

subject will l»e found in their i>apcr. With regard to the 
Mcf^ocl gauge, it was found to be utterly untrustworthy as a 
means of measuring low pressures in the case of air or carbon 
dioxide. It appeared that consiiU'rable surface eomUmsation 
took place, and that the nuignitude of tlw' error so introdu(!ed 
varied not only with the extent of the surface exposed to the. 
ga.s, but with the nature of the glass : no two gauges ever gave 
coinpunble re.snlts. With hydrogen, however, tlie cast' was 
diftei'ent. Perfectly concordant readings were obtained, ami by 
compiring the readings of the Mola?otl gauge with the pressures 
indicated by a manometer, it was found that for j)re.ssures 
between 050 and 2'5 millimetres of men-ury pv had a constant 
value. 

As it was found impossible to observe with any accuracy 
pre.ssures smaller than 2'5 nullinietre.s, no direct evidence that 
the value of pv at lower pressui-es remained constant could be 
obtained. By measuring the quantity of gas in an apparatus of 
known volume after a known number of stroke-s of a pump of 
known capacity it ap[ieare«l, however, that tin* cxpan.sion was quite 
regular, and that no surface condensation took jdace down to a 
pressure of 0*000076 iiiilliinetres. Consequently, when working 
with pure hydrogen, and proljably also with lieiium, neon, argon, 
etc., the Mcl^eod gauge may be depended upon to a certain 
extent. 

With carbon dioxide marked indications of surface condensa- 
tioir were observed, and after a time further pumping did not 
appear to reduce the pressure, which had apparently become 
equal to the vapour pressure of the condense<l gas. This resnlt 
was confirmed by admitting a known volume of carbon dioxide 
to the exhausted apparatus, and observing the pressur.! recorded 
by the McLeod gauge. 

It may be well to mention here the curious anomaly first 
observed by Bohr in the expansion of oxygen. At 0*7 mm. the 
pressure becomes erratic, and it is quite imiH>S8ible to obtain 
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concordance between two ccjnsecutive readings till some days have 
elujtsed. It would appear that some intrinsic change takes place, 
probably dissociative, and some time is required for equilibrium 
to l»e established. The gas bidiaves regularly at lower pressures. 

The coellicieht of exi>ansion was determined by jacketing one 
of tlie two gauges with the vapour of a boiling liquid. The 
following is a summary of the results. 

(i.) The cocflieient of (expansion of hydrogen is normal down 
to O’l niillimetre.s ; at low(fr pressures it decreases. 

(ii.) The eoetlicient of expansion of oxygen is greater than 
the normal. It increases to at 1*4 millimetres: at 0*7 
millimetres it liecomes erratic, but appears to increase steadily at 
lower pressures. 

< iii. ) The ccxilficient (»f cxpaii.siun of nitrogen is lower than 
the. normal at pressures between 1 and 5 millimetres ; it decreases 
!it hover pressures. 

At the close <tf their paper, lilessrs. l>aly and i’amsay discuss 
the jtrobability of a limiting value to the pressure e.\erted by a 
rarefied gas. <’)n the Inisis of the kinetic theory gas j>ressure is 
a.ssumed to be caused by impact of the molecules upon the walls 
of the containing vessel, and when euei-gy is communicated to the 
gas it is partially transformed into internal and partly into trans- 
lational energy. It is possible to conceive of a condition of 
rarefaction in which the whole, or nearly the whole, of the energy 
i.s transformed in the molecule itself, giving rise perhaps to the 
phenomena allied to phosphorescence. In the gas equation “p ” 
would then assume a lower limiting value; such a condition 
would obtain in the limiting layer of the atmosphere. 

Lord llayleigh (Froe. Roif. Soe. 1901) refers to an apparatus 
for the direct measurement of very low pressures; the details 
have not yet ap^wared. His results appear to show that the 
value of “ pc ” remains constant in the case of the commoner 
gases down to very low pressures, and he failed to observe the 
irregularity in the expansion of oxygen at a pressure of about 
7 mm. 

For the violeeiilnr weight of gn,wo at low pressure, see p. 140. 

The cj^haustUm of glass apparatus. — In the exhaustion of glaas 
a]>])aratU8 it is necessary to take into consideration the condensa- 
tion of gases and of moisture on the surface of the glass. In 
order to eliminate any chance of the presence of hydrocarbons, or 
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of any quantity of cuvl)onu‘ acid, tlic uppuratus should be thoroughly 
cleaned before it i.s atbiched to the pump. After sealing the a[»i«ir- 
atus to the pump it should be i»artially exhausted, and allowed 
to stand for a time in onler to pninit of the absorption of water 
vapour by the pentoxide of phosphorus. Diwing the latter stages 
of the exhaustion a few nuauents should l)e allowed to elapse 
between each stroke ot the pump, in order to allow lime for the 
equalisiitioii of the pn'ssun* throughout the apparatus. 

It has already Iteen pcunted out' that after a time, if the 
apparatus contains earWu dioxide, a limit of exhaustion i.s reiwdied. 
For the piXKliKtiou of high vacua it is necessary to thoroughly heat 
the vessel under exhaustion either with a Bunsen burner or by 
enclosing it in an ask'stos oven. The carbon dioxide may be 
washed out” of the apparatus by admitting a small quantity of 
pure air and re-exhausting, llie exhaustion of glass apparatus 
will be dealt with further in the chapter on spectrum analysis. 
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liKLATlON'S OF TEMI'KRATl'ICE, PliKSSUKE, AXD VOLUME OVER WIDE 
J{AX(;ES of PliESSUP.E AXD TEMPERATURE 

lji>yli-'s law- - Desiin-tz's <'X|H.‘i'iiiiPiits — Pouillet’s expriimcnts — Dnloiig and Arago — 
U<'giiaull'.-> cxiH'i'iiiK'iita, the value of pr at constant tcmjiciiiture — Natterer's 
• •■x|icrinifnts— Cnillctct's ex|>crimeiits — Anutgat’s cxiieriniciits and the applica- 

tion of his results — Kainiucrliiigh Oiines’ standard uiaiiometcr — Observations 
of Cagniard-Latuur — Andrews' investigations — The critical state. 


From the time of the discovery of the law connecting pressure and 
volume hy Boyle and Mariotte about the year ICGO up to 1837, its 
iiiwolute value hatl remained unquestioned. In that year Desprdtz 
succeeded in showing that at a pressure of fifteen atmospheres 
liydrogen was less compressible than carbon dioxide and sulphur- 
etted hydrogen. He employed a differential method. The gases 
were confined over mercury in similar tubes, which' were enclosed 
in a glass vessel containing water; the pressure was applied by 
means of a screw piston. The method was afterwards improved 
by I’ouillet, wlio first employetl the metal compression cliamber 
and screw plunger ; the capillary tubes containing the gases 
projected through tlie wall of the chamber. 

Dulong and Arago were the first to apply the direct pressure 
of a column of mei-cury to the compression of gases, but their 
results failed to indicate any deviation from Boyle’s law. 

Later, Kegnault undertook the study of the compressibility of 
gases, and in a long series of experiments succeeded iu determining 
the deviations from Boyle’s law with considerable accuracy. 
Kegimult’s results have now been superseded, but they are of 
considerable historical importance, and served with snflicient 
accuracy a.s a Ixisi-s for his losearahes ou the specific heats of gases 
and in other investigations. 

Begnault’-s apiKiratus closely resembled that of Dulong and 

.M 
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Arago. The manometer consisted of a series of thiek-walled 
glass tubes joined in to a height of .“>0 metres, and set at their 
base into an iron vessel, which was also in eominunioation willi 
the tube containing the giis, and with a foree-pumit. The jiunip, 
which was intended to tiunsmit pressure to the nierciiry in the 
iron chamber by means of water, eonbl be cut olf l>y means ol' 
a stopcock when an observation was being made. Tliis was 
essential on account of the inconvenience caused by leakage. 

Since the negative results obtuiueii by Aragi) and 1 )ulong 
might be accounted for by the fact that when the ga.s is com- 
pressed to small volume, the error of observation beetuues a 
considerable part of the whole, and com})arable with the deviation 
to be sought for, Itegnaiilt devksed another method. The coni- 
pressiou tube was not .sealed at the top. but was eonneeted b\ 
means of a stopcock with a vessel containing the gas to bo 
examined under pressure. There were two divi.sions <>n the 
manometer tube marking wjual volumes from the stopcin k. 'J he 
method of tdiservation was a.s follows. 

The compresshiu tubt' and manometer were filled with meretny. 
arid gas was admitted till the mercury fell to the levid of the 
first mark ; the stopcock was then closed, and the pressure was 
adjustcil and oUserved. The pressure was then allowed to fall 
until the gas had expanded to fill the tube to the sei*t)nd mark, 
and a secoml observation was taken. In this way it was i)ossibh‘ 
to obtain a series of relative values of jn, and eliminating .such 
errors as might be connected with the measurement cjf volume, 
the accuracy of the manometer readings was about O'ii mm. It 
was necessaiy to apply corrections for the tem])erutm-e of the 
mercury column, and for the barometric pressure at the surface 
of the merctiry. 

Regnault’s results proved conclusively that in the majority of 
cases the compressibility w'as greater than was stated by Hoyle’s 
law. In the case of hydrogen, the “ //«« jilus que parfait” it was 
less (see also p. 197). 

The relationship of pressure and volume over wide ranges of 
pressure was first studied by Natterer. The results of his in- 
vestigations are published in the Sitzunffsi>erichte dcr Wiener 
Akademie and in Poggmdorfu Anneden between the years 1844 
and 1855. The gas was compressed into a wrought-irou vessel 
by means of a pump, and the pressure was transmitted through 
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mercury to a loader I piston, whicli acted us a manometer. The 
lower surface of the piston was hollowed, and the edges, turned to 
razor shurpncsH, formed a thin ring of metal, which was pressed 
by the liquid against the walls of the cylinder, forming a good 
joint. This arrangement, which had previously been employed in 
experiments on liipiids under pressure, was afterwards modified 
by Amagat, and applied to the measurement of very high pressures. 
Xatterer’s results can only be taken as pointing qualitatively to 
a divergence from l>oyle*s law in the case of all the gases 
examined. 

Cailletet, to whom much of our knowledge concerning the 
compressibility and liquefaction of gases is due, also conducted 
a .series of researches on the same subject. In hi.s earlier experi- 
ments the gas was confined in a compression tube (Fig. 98), and 
the jtressure was applieil by turning a screw, as in Pouillet’s 
a{)paratus. The pressure was measured by reading the rise 
of mercury in the stem of a thermometer with a spherical 
bulb which was contained inside the apparatus. In his later 
experiments the tube which contained the gas was completely 
enclosed in a steel vessel, which was connected through a long, 
fiexihle steel tube with an open reservoir containing mercury. 
The tube was wound on a drum 2 metres in diameter, fixed on a 
vertical axis, and the case containing the compression tube was 
lowered into an artesian well. On the inside of the glass com- 
pression tube a thin film of gold had been deposited, which was 
dissolved by the mercury, and served to indicate the volume to 
which the gas had been compressed. The pressure was deter- 
mined by measuring the vertical height of the mercury column in 
the steel tube. This amounted in some cases to 500 metres of 
mercury : — 

it 

Value of pv at 200 Atmospheres for Air 

Natterer 1*01 

Cailletet 1*05 

Amagat 1*07 

It appears probable that tlie results obtained by Amagat for 
the compressibilities of nitrogen, oxygen, air, and carbon dioxide 
are most to be relied upon. The experiments were commenced 
in 1878, and the results are to be found in tlte Comptes rendus 
(1878, 87 , 438; 1879, 88 , 330. 89 , 430; 1884, 99 , 1153). 
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The exj)eriments are described in detail in tlie Annalts ihi Clu mic 
ft de Phffskjite (1880, 19 , 345 ; 1881, 22 , 353 ; 1883, 28 , 450, 
464). A resume of his researches was publislied in the same 
journal in 1803. 

Amagat’s method was similar to that of Kegnault, (»nly tlie 
tube wliich formed tlie manometer was of steel, joinetl in sections 
to a height of 330 metres in liis later experiments. The appar- 
atus was tirst set up at Lyons on the face of a cliiV above the 
Saone. Later it was removed to the shaft i.f a coal-pit at 
Verpilleux near St. Etienne, where it was ])ossible to obtain a 
vertical height of 340 metres. 

A section of the apparatus is shown in Fig. 00. The ga.s 
was contained in the glass compression tube A, the caiiillarv 

))ortion MM of wliich p:issed tbrongli 
the caj) of the comjiressiun chamb(*i\ 
leakage being avoided by jiacking 
the space h with greased leathm* 
washers. The capillary tube ^IM 
was surrounded by a water-jacket, 
and a current of water entering at 
m and eseainng at 1> maintaiiuid it 
at constant temperature. The spaces 
P' r" inside the apparatus contained 
mercury, and communicated through 
a screw -down cock with a strong 
iron ves.sel, also containing mercury, 
into which glycerine could he 
jnunped. In this way the mercury 
was forced to rise in the steel tube 
LC, which enti»red the apjiaratus 
through the caj) jk The tube was 
of about 2 millimetres internal dia- 
I * Ki(,. 90 . meter, and the sections of it, which 

were about 25 metres long, were 
connected by screw unions, and secured by clamps to the iron 
pipe which sujiplied air to the lower galleries of tlie mine. 

Tlie capillary iiortion of the glass compre.ssion tube was 
gi*aduated ; it was about 50 centimetres long and 1 millimetre 
internal diameter. To eliminate errors in observation, due to the 
small volume occupied by the gas at high pressures, three tubes 
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of (lifferciit capacities were employed. The tul)es were capable 
of withslaiicliii},' a pressure of ."»00 atmospheres, but their actual 
expansion under high jnessures was m)t determined. 

in making an experiment it was necessary to mount in the cage 
to the height at which an observation was to be taken. One of 
the unions between two sections of the steel tube was then 
unscrewed, and the upper tul»e was replaced by a cap carrying a 
glass cylinder. 'J'hen nnycury was thus raised b}' the fjump 
below till it entercsl the glass vessel, and readings of the volume 
of the gas and of the vertical height of the mercury column were 
taken simultaneously. 'J’he height of the barometer at the upj)er 
level, and the temperature of the mercury, as indicated by ther- 
mometers placed dO metres apart, were also determined. The 
Litter only varied very slightly, as there was but one shaft to the 
mine. The vertical heights were measured by means of a steel 
nirc, and were afterwards referred to a scale 10 metres long. 
The extension of the wire was also determined. 

These experiments form the basis of nearly all modern experi- 
mental work involving the measurement of high pressures, and 
from this point of view they are of the highest importance. The 
relationship of pressure and volume at Id® C. were only deter- 
mined directly by means of the apparatus just described in the 
case of atmospheric nitrogen, which was very rightly taken as the 
standard gas, Tlie results obtained with oxygen, air, and carbon 
. dioxide are none the less reliable, but in the case of hydrogen the 
gas was obviously impure. Amagat states that the gas was 
obtained by heating together oxalic acid and soda lime ; fonnic 
acid was probably used, and in this case the gas would contain 
at least 20 per cent of carbon monoxide. On the basis of these 
results Sarrau calculated the critical constants of the gas by means 
of A'an der Wnals’ equation. 

Nitkogkn'.— (rt) The values of 1*V at pressures Iwtween 30 
and 430 atmospheres were determined by means of the open 
manometer in 1880. The results are expressed in terms of an 
empirical value of l‘V at 30 atmospheres, {b) The values of PV, 
in terms of PV at normal pressure equal to unity, between 20 
and (in atmospheres determined by a similar apjmratus erected in 
a church 'tower at Kourviers in 1884. 

The following table contains the values of PV for nitrogen 
at lo" (’. between normal pressure and 220 atmospheres. Tlie 
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values at 5, 10, anil lo atmospheres are obtaiiicil from Ke^nault’s 
observations. The values of 1*V at the hijiher pressures have 
been reiluceil from Amagat's empirical values, which are given in 
italics. The agreement iK'tween the two series ir very good. 
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1 0665 

180 


1 0752 

lOO 


1 -0860 



10871 

200* 


1 0970 

210 


110S5 

220 

. . . 

1-1207 



1-1200 


\\'lii‘ii these rdfetilts are plotted it is noticed that the value of 
/>/• at livst decrcitses, and attains u ininimmn at alxmt 55 metres. 
I’etwei-n 05 and 100 metres the value of pv increases very 
rapidly, and between these limits nianfuneter readings would not 
imlicate the pressure with any great accuracy. 

. itifalionship of prcssvre and volimc for air at 15\ — The 
values of i>r lj(^twecn 20 and 65 metres, expressed in terms of 
tin; value at atmospheric pressure, are taken from Amagat’s 
latc.st paper (C. r., 1884, 1153). The values at 5, 10, and 15 
metres were calculated from llegnault’s results by Prof. Sydney 
V(.mug, who also points out that the figure 0'9832 for the value 
ofyo- at 35 metres is probably incorrect; the true value obtained 
liy three methods of interpolation appears to be 0'98365. The 
values of })v for pressure above 65 metres are taken from 
Amagal’s earlier results (-4. dc Ch., 1880, 375); they were 
obtained by c<uniMU’ing the nitrogen and air manometers. The 
\ alues of pr in the .second series are reduced to the same 
standard, pv at atmospheric pressure equal to unity, from the 
relationships of the interjwlated values at 55, 60, and 65 metres. 
The agreement lK?tween the two series is gootl, although in the 
second .series the temperature was 22 '. 


Series I. 


I* (motre.s). 

PV. 

P (metres). 

PV. 

0*76 

1-0000 

35 

0*98365 

5* 

0*1)077 

40 

0*9824 

10* 

0*9951 

45 

0.9815 

15* 

0*99255 

50 

0*9808 

20 

0*9901 

55 

0*9804 

25 

0*9876 

60 

0*9803 

30 

0*9855 

i 65 

0*9807 


From RegiiauU's measurement. 
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Series II. 
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The apparatus oniplovotl in tleiernhiiin.u ilu‘ conipri^.'^i' 
bilities of air, oxygen, etc., only ditierod from the um^ deseriln'd nu 
p. 104 in that in the place of the open inamaneier. llic chaniher 
containing the compression tube was connecUMl with a M*(‘ond 
steel vessel containing a compression tube tilled with nitrogen to 
act as a gauge*, ami a screw plunger was emidoyed to facililah* the 
final adjustment of the pressure. Two nitrogen manonu’ters wen- 
used, one indicating pressures below 130 atinosphtuvs, the other 
pre.ssures above 100 atmospheres, Sn as to make certain that 
the two sets of results were strictly comparable, ]»olh manometers 
were placed at once in the compression apparatus, and readings 
were taken Ixdween 100 and l‘»0 atmospheres. In determining 
the compressibility of a second gas the, mercury in the nitrogen 
manometer was always brought to a }>uint at which an actual 
observation had been made against the open inanonicter. 

The effect of teinfx?rature on the compressilnlity (jf gasc.s was 
also investigated; in some cases a series of isothermals wen^ 
determined. 

Amagat has also determined the relations!) i]»s of temi)eratniv, 
pressure, and volniiics up to 3>000 atmospheres. The methods 
employed are de.scribed in the ?v.se?/n/ of his more iinj)ortanl 
researches in tlie Annahs <h Chnaie rt tie rhysiqve for tlie year 
1893. The values of V ami 1*V corresponding to every 100 
.atmospheres up to 3000 atmospheres are given at 0 , lb , and 
45 for hydrogen, nitrogen, and air. and .at 0 and lb for 
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oxygen ; the volumes at .SOOO atmospheres pressure, in terms of 
unit volumes under stamUird 


conditions, 

for these 

gases 

an* as follows; — 



VoIuiiM*. 

t. 


0*001 :i00() 

15*0 

Hydroj'tMi . 

0*0010125 

15*4 

Nitro^'en 

0*001.5225 

10*0 

Air . 

0*0014000 

15*7 

The values 

».f V au.l 1*V 

for the same gases 

c<jrre- 

sjiouding to 

every oO ntrno- 

sjdieres up 

to 1000 

atiiio- 

sjdiercs is also given 

at 0 , 



1 »■) , 1 00 , and UOO C. 

For a descripti(»n of the 
me^thod employiMl reference 
must he made to the original 
[Kiper ; it will sutlice to 
slate here that the pressure 
applied to the surface of a 
large piston was transmitted 
through a piston of much 
smaller area in tlie same 
axis, to the lifjuid in the 
apparatus containing the gas. 

From tin* piessure at the 
surface of the large piston, 
and the ratio of the areas of 
the two pistons, the ju'essure 
on the gas could he directly 
calculated. 

A shortened form of the 
oih'n manometer was suggested 
hy Andrews, and has recently 
heen ai)plied hy Jvammer- d* 
lingli Onnes (Xetherland’s 
Academy, 1808, “Uommuni- 
cations from the riiysical 

l.ahoratory of the rniversity of Leyden/' Xo. 44) to the measure- 



170 


EXPERIMENTAL STUDY OF U.ASES 


CHAP. 


iiieut of high pressures. A number i>f glass syphon nmnonieters, 
oh, ah , a lt \ etc., are place^l in series, tlie upper chamber of each 
being cMnniected with the cistern of the next, ami also, through a 
steel Ci»ck, c, o', with a tube de. The tirst syphon, <d), of the 
manometer is of the same diameter thnmghout, is open to the 
atmosphere, and serves ft>v the measurement of small fractions of 
‘ an atumsphere ; a slnu't U-tube //"//* at the high pri'ssurtMuid 
ot the system serves a similar jairpose. The tube de is (‘onneclcil 
through a Ouck /. with a cylinder tilled with compresst>d air, 
through a cook //, with a riourdon gauge //, and liirough tlie cock 
/. or h with any piece of apparatus in which the pressure is In In* 
determined. The gauge serves to iiulicati* the prt*ssure to whicli 
the manometer must be adjusted befon* tlie etK‘k // is opiuu'd. 

Ihe manonicter tubes *f , eie., are of such a Icnglli as 
t»> give a ditforenco ot level ot .‘bO-t metres »4 atmosjjbtues; 
between the surfaces of ilie mercury; to withstand tlu^ higher 
ju’essuie the thickness of the walls <4* the witler portions was 4 
mm., and the internal diameter d mm. The connections areniaih* 
by latNins of tine steel lul»es and caps tilling over the* emls of the 
steel tubes, and the cocks r, c' are also of sttnd. In (»rdcr to 
preserve the aiiparatus tie- air was carefully dricil ludbre il was 
iilloweil to enter hy passing tlirough cylimlcrs containing soda 
lime and pentoxide of j>liosphorus. 

The adjustment t>f the apparatu.s to a given pressure is 
performed by admitting air cautiously into the space.s between 
columns of mercury. To bring the j»ressure to 4d] atmospheres, 
for instance, it will be iic*cos.<ary to rai.se the mercury to the 
full height in In of the syphons, h, //, etc., and to tlie height 
corresponding to atmospheres in the ojien tube alt. To do 
this the cocks #*. etc., are all opened cund the cock f on the air 
cylimler is turned till the mercury rises in ah to the rcipiired 
height ; h and r are then closed. ]>y again opening the cock f 
the mercury is raised to the full liciglit in the .syphon ab\ ami 
after closing c in each of the syplions in turn till tlie pres.sure 
in the tube dp. has reached 4C|: atmospheres. After opening the 
cock f/ any small final adjustment can he made by means of the 
short U-tube. 

The heights of ilie columns are read off on graduated rods 
suspended between the manometers, the tcmjieralure of each 
column i.s determined by means of a thermometer placed beside it. 
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hi determinin'; the pressures from the observed heights, it is 
neeessiiry to subtruet the weight of the columns of air in the 
connecting tubes lietween the levels of the meniscus in two adjacent 
syphons. In ^lie case of air this connection amounts to 120 
mm., when the pressure is raised to 60 atmospheres. 

The instrument is cliietly employed in standardising com- 
pression manometers. 

Tlie compressibility of hydrogen at low tem^ierature has been 
determined by Wroblews*ki (Jriener Akmlemu, 1 88S), hut the 
observation only covered a limited range. He found that the 
eipiation, which is similar in form to that of Clausius, 

RT K 
P-y-a £»-V2’ 

hehl good between -p 100' and — 182 C. He gives the follow- 
ing values for the constants : R = « = 0*001 1695, K = 0*00051017, 

€= 1*00.389*2. 

The t'ffcrt of temperature on the eomprembility of gases . — The 
researches of Itegnault did not extend to the determination of the 
compressibility of gases at temjieratui*es other than O' C. Be- 
tween 1802 and 1806 Van der Kolk determined the relative 
compre.ssibilities of several gases at O' and 100® C. {Pogg. Atin. 
116 , 4*27, 126 , 4:’8). The results showed tliat whereas the 
compressibility of air did not vary between these temperatures, 
tin* deviation from the pr law was less in the case of carbon 
dioxide at 100' than at O’. Amagat in 1871-72 (C. r. 73 , 

1 84, 75 , 179) obtained .similar results over wider ranges ~ 
of temiierature. ||‘* 

In 1822 Cagniard-Ijitour had observed that when a W 
li(|uid was heated in an enclosed space it became totally 
vapori.sed above a certain temperature. He employed 
the apparatus shown in Fig. 92. The branch a of the 
U-tube contained air and served to measure the pressure 
exerteil l)y the vapour of the liquid in b. The apparatus 
was heated in an air-bath, the temperature of com- 
plete volatilisation wjis determined, and the pre.ssure 
was calculated from the volume of the air in the tube b. He 
obtained tlie following results : — 



Fw. 92. 



172 


KXPERIMEXTAL STUDY OI* (lASKS 


Tfinivratiuv «»f volatili>.itioii. I’n-ssiire. 

Ether . . . ITo (\ 3^ Atm. 

Carhon hi>ulpirKle . 2r)S „ T1 ,, 

He was unable to com]>letely vol.-ailis(‘ water. It is interest' 
iiig to note that the nninhers do in it lie very far from the aet\ial 
critical temperatures aiul pressurt\s of these li<|nids. 

As has already been pointetl 4>ut, it was the results of the 
researelies of Andrews wliieh explained tin' failun^ t»f Faradav, 
Xatterer, and others to Ihiuefy tlie so-called permaiu*nt oa^es by 
pressure alone. Faraday, indeed, ap]>ears to Ijave regarded tin* 
permanent gases as being in a state tMunparalih* to tliat of the 
ether in (.‘agniard-Latours experiment ; hut though he believi-il in 
the existence of a critical temperature he imule im attempt tn 
contirm this view by experiments on the ga<e> that he had 
actually litpieticd. The results of Amlrews* lirsi exjK'rimenls 
were pitblished as a note in Hillers /V///NfVs in 

and are stated as follows: — “On partially linueiying eariionie 
acid by pressure alom*, ami gradually raising at tlu‘ sauu‘ time 
the temperature to 111 the surface of demarcation between tin* 
liipiul and the gas hecamc fainter, lost its eurvattire, and at last 
disap{>eared. The space WU'? then occupied by a limnogeinMiu- 
fluid, which exhibited, wln*n the ])ressure was smldenly <limini<he4l 
or the temj)eratun* slightly lowered, a peculiar appearanei* of 
moving or thekering stria* tliroughout the entire mass. At 
temperatures above ol no ajiparent li<inefaction of carbonic 
acid, or separation into two distinct forms of matter, cotdil b»» 
effected, cAeu when a pressure of oOO or 400 atmosjihercs wa^ 
applied, nitroirs oxide gave analogous results.’’ The temperaturt* 
at which the phenomenon took place he eallcil tlie critical ])oint. 
This observation fornie<l the l»asi.s of a series of inve.stigations, 
and the results, under the title “The continuity of the gaseous 
ami liquiil states,” was made tlie subject of the llakerian Lecture 
fir the year ISfJO (Phil. Tmtin., 1800, riTo). The fdlowing is a 
brief account of his exjierimeiits. 

The gases were contained in gla.s.s tuhe.s //, d (Fig. 93). 
The tubes were of capillary ])ore from n to h, the sedion hr was 
2*7 rnm. in diameter, and the section v.d somewhat smaller. Tin* 
capillary tubes were carefully calibrated, the eajiacity of (uuj 
millimetre of length being from 0 00002o to 0*0000.‘»0 c.e., the 
volume of the apparatus froia some point ou the eapillary tube 
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two marks i- aiul f were also known. Tliese marks served to 
determine the volume of the ojis confined over mercury in the 
tuhe, alter the point a had heen .sealed, by determining the 
i liange (»f pressure reipiired to bring the surface of the mercury 
from f to/. 

The tulles were filled with tlie gases to be examined by 
attaching the end d to the apparatus generating the gas, and 
allowing a stream of gas to psiss through the tube for some time. 
The tube was then scaled close to a, and the end d was 
temjiorarily closed. 

The end of the tulje d was opened beneath the surface of 
mercury in a vessel so arranged that the pressure on the surface 
of the mercury could Ije reduced by means of an air pump. 
During this operation gas e.scaped from the tul;ie, and on restoring 
tin; lue-ssure iiKu-eury entered to take its place. .Some of this 
nn-reury was afterwards removed from the tube, so that the gas 

(/ f c 


Ki«. s.$. 

was finally confined in the upper iiortiou of the tube by means 
of a plug of mercury (Fig. 93). The tube was then attache«l to 
one limb of u long U-tube containing mercury, and the pressure 
exerted by the gas wlien the mercury was brought to the points 
r and / was determined. The volume of the gas was calculated 
from these data. 

Two tubes which contained respectively air, and some other 
ga.s such as carbon dioxide, were placed in the same compression 
ajiparatus which was of the fonn employed by Pouillet. The 
compression chamber, a rectangular box of stout copper, coutained 
the wider portions of each tube, the capillaries alone projecting 
through the top. The chamlier contained water, and the pressure 
was apifiied by means of two screws which passed through 
glands into the interior. 

The capillaries were, suiwunded by water-jackets: the one 
containing air was maintained at nearly constant temperature, 
the other at temperatures which varied between KT' and 48°. 

The -tube containing air served as a manometer, but since 
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the deviations from lioyle‘s law were not known with sullicieyt 
accuracy, the results were expressed as if the etpuitiou = <■ 
were absolutely true. 

The most important experiments, which form the subject of 
the Bakerian lecture, were carried out with carbon tlioxide. But 

.<ince the yas cuntainetl al>out 
r»oo vidunie of air the 

results are not of the hiuliest 
looafm. accuracy. This, lunvevei . 
does not detract from their 
importance. 

The re.sitlts are most 
ea.sily explained by meajis 
of the curves shown in Fit;. 
!)4. 

When carbonic acid was 
compressed at l.Sl tin- 

» volume decreased regularly 
till a pressure of 41P1 
atmosphere.s, us indicaU'd 
by the air manometer, was 
reached. At thi.'< point 

licpiofaction commenced, ami 
if the fi;as had been (luitc 
free from air, the whole of 
the gas would have liijuelied 
without further increase of pressure; this change would have 
been repre.sented by a portion of the curve pamllel to the line.s 

of equal pres.sure. It was found that the increase of pre.ssure 

recpiired to li(£uefy the first and second-thirds was only 0'2.'> 
atmospheres, but to liquefy the whole of the gas an increase 
of pressure of I’o atmospheres was required. This can be fully 
accounted for by the presence of air. 

The curve representing the relationship of pressure and 
volume at 21‘o' has the same form as the first; the pressure 
required to produce liquefaction, and the final volume of the 
liquid were, of course,' greater. 

It was noticed that the compressibility and thermal expan- 
sion of liquid carbonic acid were considerable ; the latter observa- 
tion was first made by Thilorier. 
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. 'J'he next fset of exjjeriineuts were conducted at temperatures 
u1>ove the critical iwiint, .•iO'92 C. The results showed that in 
each case a c<^usideral»le leduction of volutne occurred after 
arrivinjf at a certain pressure, hut although the “Hickering 
nio\enients ” due to cliunge of ilensity in dilferent parts M'ere 
oljserved, no separation of liquid took place. The change of 
volume is .shown h\’ tlie curves to be le.s.s abrupt when the 
temperature lies farther from the critical point; at 4S C. it has 
di.su])])eared altogether. * 

Tliese results lead to the conclusion that the gaseous and 
liquid states are only widely separated forms of matter, and that 
the changes from one to the other take place without inter- 
ru})tion or lircacli of continuity. 

7Vo' (if Vidi (hr Jf'((f(k (ind others . — From the 

st'udy of the relations of temperature, pressure, and volume, even 
over limited ranges, it is obvious that tlie equation, 

PV = RT, 

is only an approximation, even for the more perfect gases at 
temperatures distant from their critical points. 

Tliat iJegnault succeeded in applying an empirical formula 
to the results which he had obtained has already been pointed 
out, but even if his observations had been of a more accurate 
nature his formula could not have held over w’ider ranges. 
Further, from the true gas equation it should be possible to 
calculate the critical constants as well as the isothermals. 

A formula based on physical considerations as to the con- 
stitution of gaseous matter must necessarily take into considera- 
tion the size of the molecules and their mutual actions and 
attractions. The most remarkable attempt to develop an equation 
of this kind was made by Van der Waals in an inaugural 
dissertation in 187:>. 

The idea first put forward by Andrews, that there is no 
breach of continuity between the gaseous and liquid states 
forms the' basis of the theory of Van der "Waals. In both cases 
we must consider the constituent molecules under the influence 
of itUernal forces dependent upon their character and proximity. 
The molecules in the mass of the substance must be acted upon 
equally in all directions, while on those in the surface the 
attraction tends onh’ to draw them inwards. 
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If the attraction of molecules in a small element of the sur- 
face on each molecule within the substance, is i)roportional to the 
products of their masses, or to some similar i>roperty independent 
of the temperature, since the number of molecules in unit surface 
or in unit volume is proportional to the pr€*ssure, the attraction 
will vary inversely as the scpiare of the volume. The value of 

V ill the gas equation then l>ecomes ( V 

Taking into consiileration the voluwu' of the ultimate })articles, 

V becomes (V — where h is the volume occupicjl l»y the gas 
when compressed to the utmost. The value of h was suppo.S(‘(l 
by Van der Waals, on the basis of the theory of probabilities, to 
be four times the actual volume of the molecules. According 
to 0. E. Meyer it should be 4 ^^2 times tlu‘ volume ; this number 
has been verified by Young from his ubscrvalitnis on the alcoliols. 
The gas e<|uatiou then becomes: — 

( 1 > ^ 

This formula was first applied to the recalculati<jn of the 
isothermals of carbon diu.vide from the e.vperimental residts of 
Andrews, with satisfactory results ; hut the range the experi- 
ments was not suOicieiitly wide to serve as a crucial test, 
llefore, however, going further into the ciuestion of its validity, 
it may be well to point out a few general facts with regard 
to it. 

The e(piation represents the value of PV as decreasing at 
Krst, attaining a minimum and then steadily increasing. This 

is obvious since increases more sloNvly as v decreases, and 

(V— />) only begins to differ appreciably from V when the latter 
becomes small. 

In the case of hydrogen the experiments of Joule ami 
Thomson in 1854 had shown that on exjiandiiig the gas without 
interference of external i)ressiire, no rise of temperature was 
observed as in the case of other gases, but, if anything, a cooling 
effect, and that conser|uently the internal attraction among the 
particles was practically zero. As Kegnault’s exixiriments have 
shown, the value <4* PV increases directly with the pressure and 
does not show a decrease at first. 

When applied to gases near their critical iKjints the iso- 
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tlierinals exhibit the irregularities 
ami at temperatures below the 
rather remarkable results are 
obtained. 

A ndniws’ curves show tlait 
on reaching a certain pressure, 
dependent o!i the temperature 
only, liquefaction commences, 
and becomes complete without 
further cluinge of temperature 
nv pressure. Ther(3 are tlius 
two volumes corresponding to 
tlicse conditions, the volume 
of the gas, and the volume of 
the lirpiid. As James Thom- 
.son subsequently pointed out. 
relationship of pressure and 
volume about the point of 
liquefaction should be repre- 
stmted by a sinuous line abafe, 
ami not by the straight line 

/OV'. 


first demonstrated by Andrews ; 
critical point the following 



Fifl. 95. 


Since Van der Waals’ formula is an eii|natiou of the third 
degree, it lias either one or three real roots, and gives instead of 
two volumes tliree, tiie third (p. 249) being situated between the 
otlier two. Tl>e curve is sinuous and of the form nbede. Of 
the piiysical meaning of tins third volume, or of the portion of the 
curve M, we can liave no conception ; the curve nb represents 
sujtercooled vapour, and the curve (fe superheated liquid. 

.\t liigiier temperatures the three points representing the 
tliree volumes come closer together, till they finally coincide in 
the critical point. At this point, therefore, the three I'oots of the 
equation l)«>oome equal; tlie calculation of the volume of the 
critical constants is not difficult. 

If th<* initial pressure and volume be made equal to unity. 


PV ^ il +a)(l-h) 
t ' 273 




a +,!'• (I - 
273' 
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Solving for V, 


S j (1 +a'i l - h T ) . ti tth 

' “ - - j, 


= 0, 


( 1^73 V \ 

which is an equation of the furni, 

It its three roots are jk u, aiul /*. 

< 

Ami since the three roots become ev|ii;il at the critical i>uiiit. 
if 4> t!* the critical volume. 


V-.;>=o. 

If is the critical temperature, ami tt llie critical volume, 


V 


V 


I 




1 ^IF) 1 ^ ^ I 




And since currespomling coefficients of V must he etjual. 

nh 'F , x \ o \ - h, H 


tt 8 n 

V. = 3 ., '^“27 ij/,- 


The calculated value of the critical jioiiii of carbon dioxide 
was 32’5®; it was not, however, po.-J.sible t(» tracj; the i.sollieuual.'i 
far by means of tliis fornttila. 

In Van der Waals’ equation it is a.ssumed that the value of « 
is independent of the temperature, and tlint h is also a constant ; 
in the latter case it appears probable that the variations with 
temperature and pressure are not great. Tlte fir.st attempt to 
connect the value of a with the temperature was made by 
Clausius, who put forward the equation, 

/ K \ 

The equation has no direct physical meaning, u.s K and 
are arbitrary constants, and it does not represent the form of the 
isothermals with greater accuracy than the equation of Van der 
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Waols. The results obtained by Young for the relations of 
temperature, pressure, and volume for isopentane led Eose-Innes 
Itoi/. Suf. 16, 12<), 16, 11) to the following formula, 

• _Rt I /• _ I _ / _ 

V ■( V + k - t/v-- ( r:r + k) 

This equation is of the fifth order, but since it has only three 
real roots it is capable of expressing the relationships about the 
critical point. 

Quite recently Dieterici ( irieif. Ann. 69, 085) has put forward 
a suggestion that the term a in Van der Waals’ equation does not 
vary with v‘ but with ; the reasoning is as follows : — Let us 
imagine a slice, of an area of one square centimetre, cut from the 
Riiddle of the substance in the critical state, the slice being so 
thin that only one molecule can lie in it. Let n be the number 

of molecules in volume v, then ^ are present in one cubic 

centimetre. Let us suppose with Clausius that each molecule be 
surrounded by a cube of edge 

-'A8=XA» = 1 C.C. 

V 

A slice of height and of one square centimetre in area 
<*ontains N*= (”y molecules. 

The cohesion pressure tt, which is expressed by ^ in Van 

der Waals’ equation, is the sum of all forces exertetl by molecules 
contained in the slice. Assuming with Van der Waals that this 
force is inversely proportional to the volume, we have 



where c is a constant ; 
or 

(I 

■“I'r 

We might proceed to test the truth of this conclusion by 
determining whether by introducing the term in place of in 
Van der Waals’ equation, we obtain' an equation which expresses 
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both the form of the isothennals, and the values of the critical 
constants for any gas. The equation becomes 


(p+“, ) -M-RT, 

h,. RT , .( -/?) 

i* P r 

ail equation o( tlie form 

u''’ - - y ~ 0, 

and whicli can onlv have three veal roots 

I- =4/> l>^=r r rr 

’ ^ 4 4^)'‘ r4/M ‘K 


'••■--A P.-' 

4 f ,• 4 Iv / 


From this we arrive at the numerical relationship deduced 
by Young, 

RT, 

= 3:.'). 

It is interesting to calculate the nature of tlie ratio obtainctl 
bj’ replacing -n- by expressions involving dilferent powers of c, 

RT, 


TT 


a 

4H 



Vi 

t 

ft 

I it 

c* 


a 

H 



a 

21 

ri 

,,, = 210 

a 

»« 

= 1-7.^ 
.)5 



.So far we have only considered the value of b close U) the 
critical ])oint, and as we know from Van der Waals’ dissertation, 
from lioltzmann’s analysis of it, and from the work of Clausius, 
that it is not quite independent of the temperature and jiressnre, 
and that at great pressure it hecoiiies only a small multiple of 
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the co-volunie. 
pliices 


If h«, is its value at great rarefaction, Boltzmann 


(r-h) = 


1 + 


r 


hx iy/bvi \ 

7^(7) 


+ etc. 


hut at the same time the limits of variation will jnobably not be 
greater than us 1 to 10. Actually determineil values of J are a 
little uncertain, as they are,always obtained as differences between 
large numbers. 

An attempt has been made to determine more exactly the 
nature of the variation in h, without much success, and the 
wiuation, like that of Van der Waals and Clausius, does not 
exactly express the form of the isothermals over wide limits. 

. It will probably be found that the cohesion pressure is not 
a jmrely mechanical one, and, as in Clausius’ equation, is a 
function of T. The«e questions have been discussed in a recent 
] taper (Wwl. Ann., 1001, [iv], 4 , ol). 



(HAPTEK XV 

THE UQUEFArriON OF «;ASKS 

The experiments of Davy ami Faraday — Tliiloriers e\jH*rinuiit.s on carl uni ilioxidt* 
— 'Tiie Ihiuefaction o!’ oxygen i»y IHctet ami ( aillcici — The ivsearclies •»!’ 
(dszewski. Wroblewski, Dewar, and Oimes -Ihetheniial and adialuiic ex{uin- 
^ion — Free exj*anuj«>n, the Joule-Thomsoii clleet - Application of the princii»lv 
nf hee ex{»ansioii by Hamy^on ami Linde — The pr»Hlui tion of li.|uid air by 
Hanipsoti s apparatus- - The Inpiefiiction of hyilrogcn. 

An account of the earlier attempts to liquefy gases is to he foinul 
in any text-book of physics or chemistry, aiul it would serve no 
useful purpose to enlarge ujxm it here. The later history of the 
subject Is, however, of the highest inqxutauce, more particularly 
with regard to' the production of liquid air. and its application to 
research at low temperatures. Without reference to (juestions of 
priority I shall descrilie those researches which have resulted in 
the iutroduction of new' processes, or in the application of new 
principles to the liquefaction of gases. 

In the experiments of Davy and Faraday the gases were 
a^nerated in closed glass tubes of the form shown in Fig. 96 The 

substance from which 
the gas could be ob- 
tained was placed in 
one limb of the tulie, 
which was then sealed. 
The gas condensed in 
the other limb of the 
tube, which was cooled 
to about — 20" C. in 
a freezing mixture. 
These experiments resulted in the liquefaction of all the com- 
moner gases, with the exception of hydrogen, nitrogen, oxygen, 
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methane, carbonic oxide, and nitric oxide. Faraday’s views with 
regar<I to the nature of these so>called permanent gases have 
already Iwen referred to. 

In 1834 Thilorier employed a similar method for the lique- 
faction of carbon dioxide. The gas was generated by the action 
of sulphuric acid upon carbonate of soda, in a stout copper vessel 
connected with a second vessel in which it could be condensed. 
In this way he obtained a considerable quantity of the liquid, 
and by allowing it to escttpe through a jet into a box of non- 
conducting material he obtained the solid. Thilorier’s observation, 
that a mixture of carbonic acid and ether formed a much more 
efficient refrigerant than the solid alone, was a valuable contribu- 
tion to the experimental side of the subject. 

After Thilorier’s experiments, though many attempts were 
niade to liquefy the permanent gases by pressure alone (p. 163), 
no further progress was made till 1877, when independent 
communications were submitted to the French Academy by M. 
Ifaoul Pictet of Geneva, and by M. Lewis Cailletet of Chatillon- 
sur-Seine, announcing the liquefaction of oxygen. In neither 
case was the liquid obtained in the static condition ; but as the 
methods employed by the two investigators were new in principle 
and totally different, their work must be considere#as of the very 
highest importance. 

Pictet employed the 
method of continuous 
entiling by means of a 
volatile refrigerant ; a 
methoil which he had 
.successfully applied to 
the production of ice on 
a lai^e scale. A dia- 
gram of his apparatus is 
shown in Fig. 97. The 
oxygen was generated in 
a steel retort a, connected 
with a steel tube c, which 
was surrounded by a 
copper vessel d. Carbonic acid was condensed by means of the 
pump /into g, and allowed to flow through the tube c into d, 
where it was evaporated by means of the same set of pumps. 




184 


KXPERIMEXTAL STUDV OF CASKS 


fHAf. 


The system dfiji' formed n closed circuit ; the liquid carhoiuc 
acid solidified iu d, and the temi>eratiu'e ])roduced hy its 
evaporation reacheil — 14U'’ (’. The car- 
bonic acid gas was cooletl and comlensed 
by means of sulphur dioxide, which was 
circulated through a similar closed system 
connected with the coinleiiscr h. 

After working for many hours at fifteen 
horse-jiower the coVk b was t)pem‘d. and the 
pressure, which had risen t«) atmo- 

spheres, was allowed to fall .suddenly, pro- 
tlueing an even greater degree of cohi. t tn 
tilling tlie apparatus it was fouml that 
liquid oxygen was actually prc.sent. 

Cailletet employed an apparatus (Fig. 
!>8) similar to that <>f rouillet (p. Kil). in 
which the pre.ssure was transmitted to tire 
ga.s through mercury by nreau.s of a pump. 
The gas wa« compre.ssed into the capillary 
j'ortion of the glass tulre umier a pressure 
of 400 atmospheres; on releasing tlic pres- 
I 111 1 ^ t"' sure the sudden expansion resulted in the 
J o«\Li I partial liquefaction of the ga.s. which ai>jK*aied 

LnU _T as sjtray or mist in the tube. 

The researches of Tictet and Cailletet 
paved the way for the prorluction of li([nid 
air in quantity, and its introduction ns an 
sgsnt of research. The work has lieen curried 
out by Wroblewski and Olszewski in Cracow, 
by iJewar in England, and by Kainnierlingli 
Onnes in Leyden ; each of these investigators 
has worked on different lines, and their 
researches must in the main Ije considered 
inde{)cndeutly. The I’olish chemists de- 
voted themselves chiefly to the determination 
of the boiling- jKtints, vapour pre.S8ures, and 
critical constants of liquefied gases. Un- 
fortunately Wroblewski employed, in many of his researches, the 
thermo-electric junction for the measurement of temperature; 
but Olszewski’s observations, in which the hydrogen (or helium) 
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thermometer was generally applied, are of the highest value. 
Dewar has devoted himself to the study of the chemical and 
])hysical properties of substances generally at low temperatures. 
'I'liese three investigators share the honour of having first devised 
practical methods for the production of liquid air in quantitj", by 
the use of liiiuid ethylene in a system similar to that of Pictet. 

The apparatus employed by Kammerlingh Ounes in his 
cryogenic laboratorj' in Leyden has been fully described by him 
in a series of papers, whidli have been translated into English 
from the Proceedings of the Ketherland,s Academy. The plant 
consists of a Pictet double cycle, employing methyl-chloride and 
ethylene as refrigerant.s. The system is not designed to produce 
li<iui<l air in quantity at minimum cost, but to give a complete 
range of temperature down to — 210" C. Prof. Onnes’ researches 
include the determination of the variation of a number of 
pliysical constants over wide ranges of temperature ; among these 
may be mentioned the dielectric constants, and compressibilities 
of numerous gases. 

The principle of adiabatic expansion involved in Cailletet’s 
method may be brielly stated as follows. The gas is either com- 
pressed over mercury in a glass vessel and suddenly allowed to 
eximnd, or is allowed to escape from a steel vesseKdn which it is 
contained under pressure. In the first ease, the gas does work , 
in forcing down the mercury ; in the second, the gas which re- 
mains in the vessel does work in forcing the remainder through 
the opening. In either case the gas in doing eodemal work loses 
energy, and consequently if no heat is received from the outside it 
becomes cooled. 

The specific heats of a gas at constant pressure or at constant 
volume, denoted by the symbols 0,, and C,., are defined as the 
quantities of heat required to raise the temperature of unit mass 
of the gas, at constant pressure or at constant volume, one de- 
gree Centigrade. Theii values, in the case of a perfect gas, should 
1)6 indepeudent of the temperature and pressure. 

If unit mass of gas is heated so that its temperature rises 

from T to T -b dt, the pressure p remaining constant, the volume 

will increase from v to r -I- dv, and the quantity of heat absorbed 

in the process will be 

* C/f. 

If the gas is now compressed isothermally to its original 
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volume r, the pressure will increase from p to p + dp^ the work 
done will be represented by 

Viip, 

and in order lo restore it to its original ctmditions ol* teinpeniture 
and pressure, it will only l>e neoessurv ti» cool it down at con- 
stant volume, removing from it a quantity of heat i.\.df. 

Since the cycle is now complete, 

« 

= - >;lp. 

■- - UT 

• V - * ’ = 

If we now consider the tirst two ])roces‘ies in this cycle as 
taking jdace adiabatieally, the gas undergoing a change of jnessuiv 
from p to p + djt wirliout loss or gain of heat : 


}• 

H liy — aiul (lividiuj: by T. 


( 


. <» 




-= 0 , 


If I'.' ,T* 


or 


T‘ i‘ 

y /-<>) 


=-lo«,K, 


where K i.s a ooiistaiir. 

The chaii'^e uf teinjteniture resultiii" 
i's expressed by 


'i) 



in a change of jiressun; 


where 


/. 'see p. 271, 


By employing a similar theniiotlynamic cycle in which the 
gsis is -first heated at constant volume ; seconrlly, allowed to ex- 
pand isothemially at constant pressure ; and finally cooled at con- 
stant pressure to the initial conditions, we can obtain the relation- 
ship between temperature and volume during ndialaitic expansion. 
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• From these two equations we line! that lor adiabatic expan- 
sion 


= Constant, 


just as foi* ifiot hernial expansion 


pv - Constant. 


It a <^as were allowed to expand v'ilhoift thihuj trork, it follows 
that no Uunperature (‘han^^e would occur; and, indeed, no appre- 
rtuhjr eflecl is noticed when a gas is allowed to expand from 
Olio ves.sel into another which is exhausted; both vessels being 
innuerse<l in a calorimeter. 

'fhese remarks apply, however, to a gas which rigidly follows 
the simjde «^a.s law, 

• pv =- RT, 

l>ul. llu'v lauiiot lie exteiiiled to any known cases, since in dealmg 
with these we have to take into consideration not only the enei^ 
alisorlied in jierfonuing external work, hut also in overcoming iu- 
teriiid nidlecular attract ions, which the simple law does not consider. 

Tlie problem was first studied by Joule and Lord Kelvin 
fjoule and Thomson) iti the following manner. A steady stream 
of ga.«, heated to a definite tempeinture by passage through a 
eopjier spiral immersed in a water- bath, was allowed to flow 
through a plug of silk fibre of such a thickness that there was no 
ajipreciable change in the velocity, and consequently in the kinetic 
energy, of the stream of gas in passing from one side of the plug 
to tlie other. I’lider these conditions work was done only in over- 
« oming friction in the plug, the heat generated being absorbed by 
tlie gas, which would otherwise be cooled. Tlie difference of 
temiierature on the two sides of the plug, which was negative 
except in the case of hydrogen, could l)e attributed to absorption 
of heat by the gas in overcoming molecular attraction. TJieir 
I'xperiments led them to the equation, 

T 


This phenonicuoii is kuo'vn os the Joule-Thonison effect, and has 
been made the subject of more than one investigation. 

Tlie Joule-Thomson experiment may be graphically i-epresented 
in the following manner The gas contained in the cylinder A 
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is forced thi*ough the plug or aperture li by tlie jiisloii (\ whieh 
in the actual experiiueut may l>e considered as moving in tin* 
stream of gas. Tlie piston, in moving from ft to />, expels v 

vi*lume <»!' gas Irnm 
lli»» (‘ylinder, tin* pres- 
sure p remaining (‘on- 
stanl. The work dom* 
ill over(‘oming the 
friction in the |»lug 
^ will l)i‘ i‘\presseti l»v 
the J>rodllct pr. 

In the itleal experiment theie suppnsed lo ]»e no inciease 
in the kinetic energy ot the t‘sca|»ing gas. ainl ii" pr<*ssuri* is 
redu(*ed to the external ]»re<snre p\ Since. InOM-vm*. it occupi«‘s 
a volume r, represented hy the aiia Ikv/ in the «liagram. which 
is larger than r, the heal ahsorhod will 1^* e\pri*sscd hy //r\ 

In the case of a perfect gas 

or the heat absorbed during the exiiaiisinn is exactly tM|nivaleni 
to the heat generated l»y the friction in the plug and al»>orbed 
by the gas, and conse<iuently the gas undergoes no tcm)H*raturt* 
change. 

In the case of an imimfect gaii, Iiowever, 

pv ^ pv s- 

where which is either [K>sitive or negative, exiaesses the heat 
change attributable to inteniul work. 

The value of Q cannot he detenniued except by direct ex- 
periment, but it is ]:K)ssible to connect the equation given hy Joule 
and Lord Kelvin with the modified equation. Ifose-Innes has 
shown that from Van der Waals’ equation 

it is possible to derive an expression connectin'' the variation of 
0 , the doule-Thomson effect, with T, the absolute temperature of 
the gas : 
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where a is u function of « tlie internal attraction, and 0 ia a. 
functiiui of// till! co-volmne fp. 176). 

It is not surprising to find that closer relationship can l«e 
obtained from Cjausius’ equation, 




in which the intramolecular attraction is made to vary with the 
temperature as well as with the volume. The expression (Love, 
Phil. Mini. 1899) closely resembles that obtained by Joule and 
Lord Kelvin, but in the case of air the second constant vanishes. 



'iho constants 7 and B arc functions of n and b respectively. The 
equatiim agrees very well with the results obtained by Xatauson 
( Win/. Ann. xxxi. .">02) for carbon dioxide. 

The following values, expressed in degrees per atmosphere 
pressure, were obtained by Joule and Lord Kelvin for air and 
hydrogen. 

T e 

Air 171 -0-255 

91-6 -0-203 

Hydrogen ...... 6-8 + 0-089 

90.3 +0-046 

In the case of hydrogen, Joule and Lord Kelvin’s i-esults 
ap[)ear to have been somewhat inconclusive, and have not since 
lieen repeated. They certainly show that the effect was in the 
oi»posite sense to that in the case of the other gases which they 
studied, the gas heating instead t>f cooling on free expansion. 

The variations of the Joule-Thomson effect over wide ranges 
of temjieratiu'e and pressure have yet to be studied. The varia- 
tions with temperature would be a matter of comparative simplicity; 
but to determine the temperature change in the gas resulting 
from a fall of pressure of loO atmospheres would In? a matter of 
considerably greater difficulty. In their original experiments 
Joule aud 'l.ord Kelvin found that when they employed great 
differences of pressure, the ol/served fall of temperature varied 
aeeortling as the thermometer was placed close to or far from the 
phig. In these experiments it appeared that the resistance of 
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the plug could not easily Ite made so great that tlu> velocity, ami 
consequently tlie kinetic energy, of tlie issuing giis was not in- 
creased in passing through it. The increase in the kinetic energy 
of the issuing giis necessitates an absorption of heat, so that thiue 
would Ik? a fall of temperature dose to the .scc-oiul surface of tlie 
plug, implying a conversion of molectdar kinetic energy into 
translational energy of the mass of gas. This fall of temi>cratuie. 
which may lie termed (•</»«■//// ivoli/ti/. would disappear at a sh'Ul 
distance from the plug, the velocity of the .stream of gas heing 
reduced by friction with the walks of the tuln* or witli the gas in 
the vessel into which it tlow.s, ivsulting in the formation of «-ililics ; 
the kinetic eneigy of the stream of gas would thus he reduced to 
its original value. The efl’oclive eiK>ling of the ga;- is the re.stilt 
of the interual woi'k only, though the velocity cooling whi< h tak»*s 
place close to the plug or valve, through which tlie gas is eseajiing, 
may result in a fall of temixTature greater than could lie aceounteil 
for by the Joule-Thomson effect ; the velocity cooling would, 
however, l>e confined to averv limited region. 

The application of this ]>rinciple to the produclion of low 
temperatures has been successfully accomplished by C. Linde in 
Germany and liy W. Haini»sou in England. The.se two iin esiigalors 
share the honour of having fii-st succeedeil in utilising the Joule- 
Thomsou effect, and iu obtaining liquid air without enqiloying 
liquid ethylene or any other refN^rant. Linde’s a[>parutu.s is 
probably the more effective for the production of Hquiil air in 
quantity; but it is much more cumbersome than ilanipson’s 
machine, and cannot be used for the proiluction of a small 
quantity of liquid air in a short time. Hampsou’s ap^uiratus is 
most suitable for experimental work ; I shall therefore descrilie it. 

The sectional diagram (Fig. 100) shows the arrangement of tin* 
installation at University College, I.K>udon. Air is drawn into 
the compression pump through a cylinder A, which contains moist 
slaked lime spread upon trays. The pump, which is a torpedo- 
compressor manufactured by Whitehead and Co. of Flume, com- 
pre8.ses the air in two stages to 160-180 atmospheres,* the working 
pressure. In the first cylinder B the pressure is raised to alxtqt 
16 atmospheres, and after passing through a copi>er coil C, the 
compressed air is delivered to the second cylinder D, where it 

^ The engineering unit of prc8»are, the atmosphere, is equal to 15 Ihs. [>er square 
inch or 1 kilo, per square centimetre. 
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unclei'goos further conipressiou, and after passing through a seccaid 
copper coil E is delivere<l to the water-separator F ; both tlie 
cylinders and the copper coils connected with them ai-u contained in 
tanks through which water circulates to absorb the heat generated 
by the compression of the air. The compressor is wtirked by a 
live- horse -jKiwer electric motor. It can be woi-ked in citlier 
direction : and since the mechanism is so arranged that the 
cylinders lie in the same axis, there is little vibration or noise. 

In order to pix-vent the vulcanised til>re, witli whit-h the 
pistons are packed, from burning, and to lubricate the working 
parts, a little water is taken with the air into the low-jiressure 
cylinder. The water, after jwssing through the high-Jl^essun^ 
cylinder, finds its way into the water-separator and can In* blown 
off from time to time by openii^ the cock <i at the bottom of the 
latter. A certain (piantity of water is also depositi'd from the 
.saturated air on compression; and since the quantity of water 
vapour present is de^wndent on the volume only, the air in the 
water-separator, though Siiturute.d with water vapour as far as 
its ivhnrw is concerned, is “dry” from the point of view of its 
///'<•«. 

The air now jiasses into a second vertical cylinder If contain- 
ing lumps of auistic potaslt, to remove water vaiiour ami lra(;es of 
carkm-dioxide, ami is delivered pure and dry at the top of tin* 
Hampson liquefier. The caustic potash cylinder rarely requires 
to lie refilled, and only after some weeks’ working is it nece.ssary 
to open the valve at the Ixittom and run off the .small fpiantity 
of water which uccamulates in it. 

Tlie Hampson apiiaratus consists of two or four coils which 
are wound coa.\ially a Wit a spindle, and whicli are joined at their 
lower ends to a vertical jet : the coils fill the whole space KK. 
The jet L can be closed by means of a rod wliich screws down on 
top of it, and which can be adjusted to form an annular ojHining 
liy the milled screw-head M outside the ap{)arutus. The coils are 
cncloseil liy a cylinder of insulating inaterial for the greater jiart 
of their length, but the lower pm-t and the valve are contained 
in a vacuum vessel -N (p. 208), in which the liquid air eventuajly 
collects. The liquid is run off through the tup O; the air which 
escapes liquefaction jiasses upwards over the outside of the coils 
and escajies at an opening 1* at tlie top of the insulating casing. 
The escaping air pa.s8e8 through a rubber tulwf, and its velocity is 
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iiiJicaUHl by a glycerine 
gauge which is coniiecteil 
with the point <»f* exit from 
the api)aratiiH. The doub- 
ling of tlie coil is* merely to 
avoid the risk of blocking 
tin* a])paratus in case a 
trace of moisture were 
carried over from the i)uri-* 
fying cylinder ; in Linde s 
apparatus the cMipper coil 
is double, the two pipes 
being concentric, the air 
passing down the inner 
pf])e and back through the 
space between tlie two. 

'J'he latest form of the 
Hampson apparatus is 
siiown in Fig. 101. The 
air tuiters under pressure 
through A, and passes 
al(»ng 11 to C, where it 
enters tlie coil, which is in 
this ease quadruple. On 
expanding at the valve I) 
it is partially liquefied, 
the liquid collecting in the 
metal chamber E, which is 
soldered directly to the cas- 
ing of the coil : the gaseous 
air passes upward thvougli 
the interstices between the 
coils, as has already been 
described. 

To indicate the quantity 
of licpiid in the ehamher E, 
a glycerol gauge is em- 
})loyed. The tube K passes 
from the bottom of E to 



the top of a small closed 


Fic;. 101. 
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vessel H containing glycerol. The vertical tulm M, whicli 
passes to the bottom of H, is connected by a tlexilde tube with 
the top of the valve-rod O, which is Imlhnv, and has an open- 
ing at X communicating with the open siwice above K. A'^ 
E tills with liquid air, tlie glycerol rises in the gauge. Tlie 
liquid air is from time to time run ulV from E by turning the 
milled nut F, which o|)ens tlie screw-down iM»ck (1. 

In working the apparatus the motor, which i.s not shown in tin* 
figure (Fig. 1001, is first slatted, and a little air is bK»wn thnmgli 
the whole system : the valve is then closed, and the pres.sure is 
allowed to rise t»» 170 atmospheres. When the valve i.s opcnctl, 
the stream of air is regulated si» that the pres.sure imlicuted by tin* 
glycerol gauge (p. 1921 remains constant. The act nab pressure 
depeiuls upon the length and diameter t>f the rubl>er tube K, and 
upon other conditions : with a tulu' about SO (*m. long and 2 cm. 
in diameter it is found to bt^ about 10 cm. of glycerol. Liquid 
air first appears in the vaeiuim-vcs.sel in about four minutes, and 
the actual yicM is about 1-1 ’o litre.s c»f liipiid air per hour. 

The machinery ivquiivs cni^ul watching while it is at woik, 
for in Ciise anything were suddenly to go wrong a .'^erious accident 
might result. If every j»arl is working well it is only necessaiy 
to draw olf the liquid air, and the water which accumulaU*s in 
the water-cylinder, from time to lime; if in.stead of a vaeimm- 
vessel the liquid air cidlecU in a vessel ]>acked nunid with .sonu* 
insulating material such as eider-down or animal wool, the liquid 
air must be drawn oW every four or five minutes by the watch. 
The methods employed in the nmnipuintion <»f liquid air will l»c 
dealt witli later. 

From the theoretical standpoint the Hamps<jn machine may 
be regarded as a form of the doule-Thomson apparatus ; for wi* may 
consider the plug in the latter as con.sisting of a number of iiiu* 
tii!>e.«i place<l clo.se together. The air in pa.s.sing through the cnil 
does work only against friction, as in the Joule-Thom.son e.xperimenl, 
so that there is no co/>ling owing to external work being done. 
The air which escapes from the valve has umloubtedly a greatly 
increased kinetic energy, so that at this poiiiX, and at a very small 
distance from it, the effect due to velocity-cooliny (p. 190) might 
be observed : it would, however, he completely nullified owing to 
the formation of eddy currents long before the ga.s reached 
the coils. The form of the jet, and the fact that it is enclosed 
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ill a box containing a helical strip of metal to give the escaping 
spray a rotatory motion, and to assist in separating the liquid 
and the gjis, would also tend in this direction. The cooling which 
takes place is thus due to internal work only. 

The gas which escapes from the valve passes' back over the 
coils, cooling them and the air which they contain ; and so perfect 
is the heat interchange, tliat the air which leaves the apparatus is 
only one degree colder than tiiat whicli enters it. The actual 
quantity of the air which lis liquefied is about 5 per cent of the 
(piautity which passes through the apparatus. It appears prob- 
able tliat no li(|uefactiou actually takes place within the jet, and 
that the gas at the moment of its escape is not cooled many 
degrees below its critical point. 

With Hampson’s apparatus it is po.ssible to liquefy air or 
oxygen compressed into cylinders at 125 atmospheres. The 
apparatus is first cooled to — 80'’ C. by blowing a mixture of solid 
carbon dioxide and air through it. The method would not be 
used if a compression pump were available. 

The liquf/i(ction of htidroijen . — The earlier attempts to 
liquefy liydrogen by the application of pressure alone have already 
I teen described, and it is unnecessary to again call attention to the 
cause of failure. In 1879 Pictet believed that he had accom- 
plished the liquefaction of this gas, which he described as con- 
densing to a steel-blue liquid ; but since he obtained his hydrogen 
by heating potitssimn formate, it must have consisteil largely of^ 
carbon monoxide. 

In 1889 Wroblewski showeil that when hydrogen, compressed 
into a glass tube cooled to the temperature of liquid o.xygen, 
was allowed to expand from a pi'essure of 1 00 to 1 atmospheres 
it became partially liquefied, the liquid appearing as a mist 
or spray. In 188.5 Olszewski {Vhil. Mag. [5], .xx.xix. 199; xl. 
202) confirmed these experiments, using first a glass tube of 
7 mm. diameter, and afterwards a steel cylinder. The critical 
pressure of the gas was first determined by measuring the 
pressui-e at which mist or spray appeared when the gas com- 
jyessed into the glass tube and cooled to below — 200° C. was 
allowetl to expand : it was found to lie at 20 atmospheres. The 
boiling and critical temperatures were then determined in the 
following manner. The steel cylinder already referred to was 
lined with glass, and contained a coil of platinum wire wound 
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on a mica or ebonite frame. Tlie resistance of tUis coil, which 
communicated with the outside, had lieen determined at 0°, — 78" 
— 182’5°, and — 208“ The apparatus was cooled to the 
temperature of liipiul air boiling /a ritruo. Hydrogen was com- 
pressed into the cylinder under a pressure of 170 atmospheres, ami 
the gas was allowed to escape at a cock till the pressure ft*ll to 20, 
10, or 1 atmosphere. The resistance of the coil was found in each 
case by repeated ti ial, and the temia-ratures were iletermineil by 
linear e.Ktrapolation. The folhoving results wen* obtained : — 

20 A». 3.s,1 ( >hiu.'. - 2:U-5 ' (•. iCrili. iil 

to.. 30a .. • 23!) 7 „ 

1 353 .. - 243-.’) .. 

That the temperatures olitained by this method are too high 
i.s obvious, since the resistance of a ]>Ialinum wire i.s not a linear 
function of the temperature. They .serve, however, to show that 
the critical and boiling |ioints of hydrogen lie below 80 and 20 
absolute respectively. Dewar’s most recent determinations of these 
constants are as follows: — 

Critical {loint . . —*238 to -240" C. Critical pivssiuv, lo'3 At. 

Boiling point . . - 252 U> - 253 „ 

Mehing ptiint . . -25(1 to -257’ „ 

Lowest teiiijieniturc olitaiiied by evaporating solwl hydrogen - 260' C. 

'^As the.se temperatures were determiued by means of the 
^ hydrogen thermometer, they may etr in the opposite direction, 
since traces of impurity would separate from the hytlrogeii 
as non-volatile solids. 

Within the last two years Dewar (Cftem. News, March 1900) 
has shown that when hydrogen compressed to 200 atmosphcre.s 
is cooled to,— 200' C. ai^d allowed to expand without doing 
external work, it behaves similarly to air, or any other imperfect 
gas, and l)ecomes cooled. He has applied this discovery to the 
production of liquid hydrogen in quantity ; the method of 
procedure has not, however, been published. The following 
method by which liquid hydrogen may easily be obtained is 
descril)ed in a paper read tiefore the Physical Society, in 
November 1900 (Travers, Phil. Mag. 1901, 411). 

In a preliminary experiment the gas at a pressure of 200 
atmospheres was cooled to —80® C. by passing through a coil 
immersed in a mixture of carbonic acid and alcohol, and was 
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tltcn allowed to expand at the jet of a Hanipson air-liqueher, in 
which the coil had previously been cooled to the temperature of 
li([uid air. ITtuler these conditions it appeared that progressive 
cooling did not take place, ami it may Ite concluded that at — 80° 
(A hydrogen is still a perfvrt gas. The J oule-Thbmson effect 
evidently changes sign at a much lower temperature. 

your attempts were made to licpiefy hydrogen before an 
apparatus was constructed which gave satisfactory results. These 
experiments I shall not de.scribe ; it suffices to state that they 
served to show that hydrogen remains a perfect gas down to very 
low temperatures. 

The details of the structure of the apparatus finally employed 
in liquefying hydrogen are shown in Fig. 102. Fig. 103 indicates 
the general arrangement of compressor, etc. 

The principle of the liquefier is briefly as follows. The 
hydrogen, under a pressure of 200 atmospheres, passes through a 
coil A, which is cooled to — 80° C. in a mixture of solid carbonic 
acid and alcohol. It then enters the coil contained in the 
chamber II, which is continually replenished with liquid air 
during an experiment. The lower portion of this coil passes 
into the chamber C, which is closed and communicates through the 
pipe ff with an exhaust punip; liquid air flows continuously 
from B into C through a pin-valve controlled by a lever h, and 
boiling under a pressure of 100 mm. of mercury, lowers the 
temperature to below — 200°. The gas now passes into the 
regenerator coil 1), which is enclosed in the vacuum-vessel H, 
and expanding at the valve E passes upwards through the 
interstices of the coil and the annular space F, surrounding B 
and C, to the outlet G, whence ^ can return through the tubes 
W and It, and the cock i to the main supply pipe N. The liquid 
which separates from the gas is ultimately collected in the 
vacuum-vessel K, which can easily be removed. 

In constructing the apparatus the coil D was wound on the 
thin steel tube c, which contains the valve-rod. . The latter is 
screwed at its lower end into a perforated* brass cylinder, soldered 
to the end of c, enclosing the expansion jet. By turning the 
milled head a, the width of the annular space between the jet 
and the end of the valve-rod could be accurately adjusted, and 
the flow of gas controlled. This valve was made for me by 
Brin’s Oxygen Company after the pattern of Or. HainpionTwho 
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fiist applied it in his apparatus for liquefying air. To the use of 
this form of valve I must attribute the success of the work, for. 
unlike the pinhole valve, it does not become blocked with the 
impurities which separate from hydrogen obtained by treating 
commercial zinc with sulphuric acid. The coil itself consisted <»f 
SO feet of solid drawn copper tulie of inches internal, and 
inch external diameter. In wiiuliug it the sjaral ran alternately 
away from and towards the central tube, and great care was 
taken to preserve a uniform external diameter of 2^ inches. The 
tubes were carefully spaced and fixed iji position with sohler as 
each layer was wound. 

The length of the regenerator coil I > is 7 inches, and it ntnst 
be pointed out here that in absence of all qttantiiative knowledge 
as to the liehaviour of hydrogen at low temi»eratures the choice 
of this dimension, though mainly a matter of guesswork, was 
aiTived at by taking the length of coil in the llampson 
liquetier, and reducing it so as to effect a heat interchange of 2 
with a difterence of temiwrature f»f oO C. between the top and 
the bottom of the coil. 

The next step in the construction of the apparatus was to fix 
the flauged plates d and c, which form the top and bottom of the 
chamber H, on to the tube c. The coil pas.ses through both these 
plates, and e is also pierced for the jiassagc of the exhaust pijic / 
and the liquid vaU’e-rod the latter is screwed through a block 
fixed to the up|)er surface of e, so that by turning it the (mnicul 
point closes the hole in the plate to a greater or les-s extent. All 
idiese junctions were made with hard solder ; the tube y, which 
fits exactly over d. and e, was then fixed in {tosition with soft 
.solder. # 

To allow. of the escape of the hydrogen gas after its passage 
through the coils, a brass tube k of the same external diameter a.s 
the coil is fitted at the top to y, by means of a collar soldered 
to both tulres, and supported by distance pieces at the Irottom. 
The annular space F so formed communicates with the escape 
pipe G, as shown in the figure and section ; the cold gas passing 
through it forms an excellent insulator for the liquid air chambers 
B and C. 

To support the whole apparatus, and to aflord a means of 
securing the vacuum-ves.sel H, a collar I is soldered to the tube k 
and to a tube m .'1^ inches in diameter, which rests on a flange n 
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ill- a hole in a shelf attached to the wall of tiie compressor room. 
The space between rn and k is packed with animal wool, as is 
also the space within the containing cylinder Q. 

The vacuum-vessel H is of such a diameter that when the 
coil 1) and the tube k are covered with a single layer of flannel 
it exactly tits over them. To make gas-tight junction a rubber 
ring whicli fills the space between the vacuum-vessel and the 
inner wall of m is pressed between a brass ring o and a gland p. 
The ring o rests on three sliort studs on the inside of jti, and the 
gland is forced home by three nuts and screws qq, which are 
fixed at their upper ends into the flange n. 

When the gland is in position the only means by which gas 
nr liquid can escape from the apparatus is by the tube G, or 
tjirough the opening at the bottom of the vacuum-vessel H. It 
is, of course, intended to draw off the liquid at the latter opening, 
and as it is quite impossible to e,mploy a stopcock for the purpose 
the following arrangement was adopted. The vacuum-vessels H 
and K ara both enclosed in a glass tube LL,. which is closed at 
the bottom and is connected at the top by a rubber sleeve s to a 
brass tube h which forms part of the gland p ; a short copper tube 
is soWered into s, and terminates in a stopcock n Whwi r is 
closed any liquid formed at the valve E is retained in H, but 
when r is opened the liquid cau flow into K, as the gas produced 
by its evaporation can then escape. The lower part of the tube 
L is enclosed in a large vacuum-vessel M, which contains a small 
quantity of liquid air during the experiment ; it serves ra%6r to 
]>revent the frosting of the outside of L than to exclude hetK 

The hydrogen escaping from G passed through the rubber tube 
W into the tube E, which communicates directly with the cylinder 
P, and through the stopcock ■< with the main supply pipe N connect- 
ing the gasometer and the compressor. The cylinder P (Fig. f03) is 
of sheet zinc, and is soldered to the three brass tubes E, S, fipd T. 
The tube S, which is lined with glass and has a window in 'front 
and behind, contains the nozzle of the tube a leading from the 
cylinder p, in which the water used to lubricate the cylinders of the 
cpmpressor is separated ; this arrangement prevents the loss of 
the gas which escapes each time the water is' discharged. . The 
tube T roaches to the bottom of a deep vessel (Fig. 103) fiUed 
with water ; it serves also as an escape for the gas issuing from 
(} before the cock i is opened. 
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The tube /conununieales with an exhaust i>unip, which is nut 
shown ill either ti*:nre. It is a siiui»le tlouhle-actioii pump with 
a single cyliiuler of o-incli l>ore and (i-inch stvokt*, ami diivm hy 
a half horse-power gas engine nuiintains a vat-unm t»f l(Mi mm. 
of mercury in tlie cliamhcr ('. 'I he Inirivl ami plug of ihe stop- 
cock t are hore<l so that (' can he cut vi\ fn»m the j)um]» ami 
oj>enfcd to the air. Through the sit»jaock /• ilic |»ipi' can he 
placed in communicatimi with the exhau'^i juimp. 

It is now convenient to call attenfnm to lln‘ g<*neral >vsi« in 
of heat insulation in the apparatus. Tlie coil A is surroumliMl 



with lolid carbonic acid anc> alcohol conUtined in an eartlnuiwaie 
battery jar, which is unprotected. The tube between A and B is 
stirrounded with a wrapping of animal wool and covered with 
baize^ B and C are protected by the » cold gas which returns 
through the annular space F after ])as8ing through the regenerator 
coil J) ; additional protection is afforded liy the layer of miiinal 
wool inside the cylinder Q. The increasing steepness of the 
temperature gradient at is coinpen.sated for by the protective 
influence of the tipper part of the vacuum-vessel H, while the 
vacuum-vessel M, which contains liquid air, serves as a protection 
to K and to the lower part of the regenerator coil I). It also 
prevents deposition of moisture on the tube L The method of 
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siil)porting tlie appamUis by tlie tube vi answers admirably, for 
as the space lajtweeii m and k is packed with wool, the gland p 
only becomes frosted over when tlie experiment is at an end, 
sliowing tliat the inHux of heat in this direction is inconsiderable. 

'I'be iiydrogeii gas is obtained by the action of dilute sul- 
jdmric acid on commercial granulated zinc, and was stored in a 
gasometer over water. The gasometer consists of a cylinder of 
sheet-iron (No. 10 gauge) 6 feet in height, and 5 feet 6 inches in 
diameter, inverted in a cylindrical tank, which is filled with water. 
The giis enters and escapes through a 2-inch iron pipe passing 
tlirough the bottom of the tank, and terminating inside a small 
dome 0 inches in diameter on top of the inner cylinder. This 
arrangement makes it possible to expel the whole of the gas from 
tlie gasometer without danger of introducing water into the 
supply pipe. IJefore filling the gasometer the water in the tank 
is saturateil with hydrogen by passing a stream of the gas 
through a tube reaching to the bottom. This operation occupies 
aiiout five days, but it is not necessary to repeat it. 

The main bulk of the hydrogen is generated in the following 
manner : — About 40 lbs. of zinc are placed in a beer-cask fitted 
with a tap funnel, a delivery tube, and an escape pipe, which passes 
into a vessel filled with water, and so acts as a safety valve ; a 
stoneware cock at the bottom for drawing off spent acid. When 
all the air has been .expelled from the cask the gas, after passing 
through a wash-bottle filled with a solution of potassium per- 
manganate, is allowed to enter the gasometer. The latter 
is thoroughly washed out with hydrogen before the main quan- 
tity is collected. The preparation of the hydrogen occupies 
five hours. 

The general arrangement of the plant for the compression of 
the hydrogen, which passes through the pipe NN, the cock a, and 
a temporary communication made by means of a lead pipe <r, 
with two screw unions, is show'n in Fig. 102. The hydrogen, or 
air when the latter is to be liquefied, is firat of all taken into the 
low-pressure cylinder /3 of the compressor, which has already 
liqen described on p. 190, and, passing thence through the coil, 
kept cool by a cunent of water which circulates through the 
tanks surrounding the cylinders and coils, enters the high- 
pressure cylinder 0 through the tube 8, under a pressure of 
about 16 atmospheres. A small quantity of a mixture of 
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glycerol ami water containing 5 per cent of caustic soda is taken 
into the low-pressure cylinder, together with the gas. The 
mixture is contained in the vessel tf, ami the flow is controlled 
by the glass stopcock and the arrangement shown in Fig. 10;i. 
In the second cylinder the pressure is raised to about 20(> 
atmospheres ; and the gas, after {>assing through the ct>il to, enters 
the cylinder /a, in which the water used in lubricating the 
cylinders is separated and expelled through the cock K. This 
water, together with a little gas, pas.ses along the tube n, and 
enters the cylinder 1* ; the water flows into the tank «, and during 
the compression of the hydrogen the gas is allowed to rettirn 
to the gasometer thnaigh the c«H*k i. The details of this ))art of 
the appanitus have already Wen describetl. 

The giu? from // passes into the cylinder X, w liich contain.s lumps 
of solid caustic potash to remove traces of juoisUire or of other 
impurities. This cylinder is employed in cojuju-essing both air 
and hydrogen, and can be connected by the tube t eitlier with a 
Hampson air-lupicfler, or, as in the figure, with the ct>il A of the 
Iui[uid hydrogen apparatus. The tube t also communicates with 
a gatige, anti with a cock ,r thrtmgh which, if the ]>rcssnre becomes 
too high, the e.xcess of ga.s may Iw allowed to e.scape into the 
pipe NX connecting the gasometer and the compressor. The 
liquefier, of which the detail has already been given, does not 
require further description. It is sullicient to state that the gas, 
after pas.sing through the coils in Q and L, expands at the vtdve 
controlled by the milled nut a, and finally returns by the tubes 
Cr, W, and If, and tlie sto|)Cock i, to the tube X. 

The loss of gits during each experiment amounts to about 1 0 
per cent of the whole ; and since air and other gases of higher 
1 toiling point seftarate as solids in the vacuum-vessel H, the gas 
liecontes purer each time it is u.sed. 

l»Hring the two or three days iin mediately preceding an 
experiment the compressor is employed in producing liquid air, as 
described on p. 11)0. The liquid air is stored in vacuum-vessels 
liolding altogether about 8 litres. Comparatively little lo.s8 occurs 
through evaporation, and the vessels are usually filled up on tjie 
last morning. After preparing the liquid air it is adyisable to 
take the compressor in pieces and carefully insi>ect the valves, 
springs, and fibre-packings. In the meantime the Hampson 
machine is remove«l, the connections are made between the potn.sh 
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cyHnder and the hydrogen liquefier, and the lead pipe <r connect- 
ing the supply pipe NN with the intake of the compressor is 
placed in position. 

The actual experiment requires four persons : one controls 
the valves o anti b ; the second attends to the compressor, regulates 
the escape of the water from the cylinder fi, and opens or closes 
the cock X as the pressure rises or falls ; the third sees that the 
vessel in which the coil A is immersed contains sufficient solid 
earhon dioxide ; the fourth hands the vacuum-vessels of liquid 
air as they are required. ^ 

Tlie first step in the operation is to cool the liquefier to the 
temperature of liquid air. Liquid air is first poured into the 
ehamher B, and is allowed to flow into C by connecting it with 
tl\e exhaust ]jumi) through the cock t, and turning the valve h. 
When C is i»artially filled, and the vacuum gauge indicates that 
the licpiid air is not evaporating at a great rate, the valve h is 
closed, and the cock t is turned so as to cut off the exhaust and 
leave the ehamher C open to the atmosphere (p. 200). 

Tlie vacuum-vessel M, and the tube L with the vacuum-vessel 
it contains, are moved by rolling up the rubber sleeve s into the 
tube h, and lowering the cradle in which M is suspended. The 
rubber cap carrying the cock V is then fitted to the nozzle of H, 
and connected with a rubber tube dipping into a vacuum-vessel 
filled with liquid air. 

The escape-pipe G, from which the rubber tube has already 
been removed and replaced by a rubber cork, is now connected 
with the exhaust pump through the cock r. Liquid air is drawn 
into the vacuum-vessel H, and on closing the cock v boils under 
reduced pressure, cooling the regenerator coil to below — 200’ (.’. 
By closing the cock r, removing the rubber cork, and opening the 
stopcock the liquid flows out of H. The rubber cap securing 
V is now moved, the tube L and the vacuum-vessels M and K 
are replaced in i)osition, and the rubber sleeve s is secured to L 
with a .single turn of copper wire. 

Meanwhile the assistant in charge of the compressor has 
removed all air from the compression apparatus by opening the 
cock a (ifig. 103), allowing the compressor to make a few revolu- 
tions, and then stopping it and ojKining the cock p. This operation 
is repeated three or four times : the pressure is then allowed to 
rise, the valve a (Fig. 102) being closed, and the gas is allowed 
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to oscajx*, if necessiirv. Unoui'h the roek ,» into the jiijn* N. The 
ariangenients are made so iliat tlie jm-ssun' is raised to LM)(» 
atmospheres hy the time tlie lajuefier lias l>eeu cooled and the 
vacimm-vesstds K. ete., replaced in position. 

The remaining ojierations may he shortly deseiihetl. t'om- 
munication is oneo more estahlishe*! helween the ehaniher (' ami 
the exhaust pump, and the valve /< i-< cari'lully ii-gulated. so that 
the litpiid air does not enter too fast : too ra])iil a tlow is at once 
indicated hy a fall of the inereuiA in the vacutitn gaugt>. Tlie 
expansion valve is then openeil hy turning the milled nut o, and 
the gas passing upwards through the coils, through tlu* annular 
.space F, and through the tulK‘s C. \V. and It. tinds its way into 1*. 
ami, in onlcr to remove air from the u)t]>aratus. is allowed for a 
few mumeuts to esca]H‘ through the water in the tank e. 'I'he 
cwk i is then opened, and the gsts is allowed to circulate through 
the system. The chamlier T» and the ve.ssel containing the coil 
A are continually replenishtMl with liiptul air ami with solid 
carbonic ticid res|K!ctively. 

The whole dilliculty in this part of the (>.\periment lies in 
projierly regulating the e.sca]H‘ of the hydrogen. The rate of How 
of the gas is roughly indicutetl hy the height of the glycerol in tlie 
gauges:, which shows the pressure in tho interior of the apparatus 
caused by the friction of the gas in the tuhes (!, W, and 15. It is 
intended in future experiments to introduce, in place of AT, a coil 
of lead pipe, and to connect the top of the glycerol gauge with a 
tube leading into the cylinder P, a.s it will then give an absolute 
reading of the rate of flow of the gas. 

The reasons for which it is necessary to carefully regulate the 
valve are twofold. Fh-stly, the hydrogen must not pass too 
quickly through the refrigerating coils, or the gas is iiisufliciently 
cooled ; secondly, since liquid hydrogen has a very low and specifle 
gravity (0'06) the gas and liquid tio not separate easily at the 
jet, and much of the latter is lost. Further, since the ettieicncy 
of the regenerator coil is dejicndent on the rate of transmission 
of heat through its walls, and this is proportional to their siiimt- 
flcial area, the maxim effect is attained with a limited (piantity 
of gas.. 

To guard against blocking of the valve by the ileposition of 
solid impurities, the milled nut a is turned slowly 1)ackwar<ls and 
forwards during the whole experiment. The screw at the end 
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valve-rotl tits so tightly iuto the brass cylinder containing 
the jut that nu gas can escape from the liquelier through the steel 
tuii<; c, and it is necessary at times to apply some force to a. In 
constructing another machine I should either place the screw on 
tlie valve-roil in the tulje c, about 2 inches above the valve, or I 
should case the screw in its socket and place a gland round the 
valve-rod at the toj) of steel tulte ('. 

There appears to lx* no danger of the coil becoming blocked 
through the deposition of solid matter inside it, even though the 
hytlrogen contains 2 or 2 per cent of air and perhaps traces of 
arsenuretted hydrogett, hydrocarlmns, etc. It must be remembered 
that within the regenerator coil, even very close to the jet, the 
tempornture of the gas does nut fall l^low its critical |x>int, or it 
woidd beccjiue tilled with luiuid, and it appears that this is not 
the case. Under these conditions a gas is capable of holding a 
consid(>rable quantity of solid matter in solution, a phenomenon 
which has not been fully explained. This may account for the 
fac.T mentioned above. Solid impurities do, however, separate 
from the liquid in the vacuum-vessel H; but as the liquid on its 
way to the vessel K is obliged to pass through a piece of baize 
pressetl tlown into the bottom of H by a spring, it can be collected 
as a perfectly clear liquid. 

Almost immediately the valve E is opened the inside of the 
vacuum- vessel H becomes coated with a layer of white matter, 
which is probably solid air. The cock r is from time to time 
turned, and shortly, by placing a light behind the lower part of 
the apparatus, liquid is seen running in a fairly rapid stream from 
the nozzle of H, and collecting in K, which rapidly becomes filled. 
The flow of the gas from the jet can then be checked, the tubes 
M and L lowered, and the vacuum-vessel K, which is attached to 
a wire, withdrawn and placed in another vessel containing a little 
liquid air. It would then be possible to replace another vacuum- 
vessel in L, to restore L and M to their original positions, and to 
prepare a further quantity of liquid hydre^u. This has not, 
however, been attempted. 

The apparatus which I have described, with the exception of 
the compressor, the motor, and the Hampson air-liquefier, which 
together cost about £200, is comparatively inexpensive. The 
gasometer cost about £15, the material used in making the liquefier 
amounted to about £5 ; and possibly, in addition to the sum 
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named, another £o0 was spent in ihe experiments. Each time 
Ihiuicl liydrogen is made, 5 kilos, of solid carbonie aeid and S 
litres of liquid air are used. This involves a further cost of about 
£1. These figures indicate that the cost (»f liqiiitl hy«hog(»n is 
not excessive. 


Note. — S irue this acoount ot the luetluHl «»t Imiiefyinj; l»y(lro;reii was 
written, the apparatus ha** het-n ssoinewlait alteriMl. It was lonnd lliat th»" 
dimensions ol* the coil b were insutficieiiti to co<»l tlie pis rapidly to tin* 
tempeTature of liquid air. This ditlicully was overcome by iiis-ertiiio a coil, 
similar to A, between A and b, and surrounding ii with liquid air. 



CH'APTEll XVI 

TllK MAXIPCLATIOX OF LIQUEFIED OASES 

Vaciunii - vessels — Condensation ot‘ ga^es — Constant temperatures by means of 
Iniueficd gases — Fractionation of liquefied gases — Distillation of atmospheric 
, nitrogen— Separation of the inactive gases — The com^iosition and boiling 1‘oint 
of liquid air -Fractional distillation of a mixture. 

The Manipulxtiox of Liquefied Gases. — The introduction of 
the now well-known vacuum- vessels by Dewar has rendered the 
innnipuljilion of liquefied gases a matter of comparative simplicity; 
and as these vessels in one form or another are extensively used 
in this kind of work, it will be well to say something about their 
construction and use. 

The usual forms of vacuum- 
vessels are shown in Fig. 1 04. 

They may be either cylindrical 
or globular, and their size is 
limited only by the diameter of 
the mouth where the junction 
between the inner and outer 
tube is made. It may be 
noted that the vessels are less 
liable to crack at the junction 
if the junction between the two 
glass tubes lies on the outside. 

The space between the glass 
walls must be very thoroughly exhausted. A Tupler pump 
(p. 7) may be used for the purpose, and the exhaustion 
should be continued until a vacuum tube attached to the appa- 
ratus shows a brilliant phosphorescence under the influence of 
the electric discharge (p. 301). Tlic tube should be heated 




2o8 


KXPEKIMENTAL STUDV OE CASES 


CHAI’. 


during the exhaustion. Onnes employs an asbestos oven heated 
by coils of wire, through which an electric current is passed. 
The tube is heated both on the inside and on the outside. 

The evaporation of liquid air CH>ntained in a good vacuum- 
vessel takes place only very slowly, since the heat radiated across 
the vacuous space is only one-seventh of the total heat whicli 
would reach, the inner ves.sel were the jacket to contain air. The 
efficiency of the vessel may be still further increased by intro- 
ducing a globule of mercury into the 'vacuous space ; the mercury 
vaj.K>ur deposit-^ in a metallic layer on the surface of the inner 
vessel, partially reliccting radiation from the outside. 'I'he tubes 
may l>e .silvered on the inside by one of the usual chemical 
processes. Hempel '/>'<•/•. 1808, 31, stales that t). layer of 

eider-down is a more efficient insulator than the vacuous space; 
it is, however, usiudly necessary tt» ol>«'rve what is taking jdace 
inside the vessel. The addition of a layer of insulating material 
is at the same time an advantage if the li([uid air is to be 
preserved for a long time, three or four hours or more, or trans- 
IKirted from place to place. 

Liquid air may lie poured from one ve.«8el to another without 
danger of cnicking the glass, if a little of the cold vapour is 
.allowed to flow over the edge of the first ves.sel into tho .second 
liefore the liquid is poured out If the vessels arc made no that 
the joint between the inner and outer cylinder lies on the out- 
side of the lip, which is carefully roundeil, they are much less 
liable to crack than if the junction is made .so that the li([uid 
can come into contact with it when it is |H>ureil from the ve.s8el. 
If, however, the glass does crack, the ve.ssel usually flies to 
pieces with a loud report, but without doing damage. The litpiid 
may be transferred from one vessel to anotlier by introducing 
into it a syphon passing through a rubber stopi)er which fits into 
the mouth of the vessel. Tlie stopjier should be held down by 
hand so that the pressure of the vapour forces the lirpiid througli 
the syphon. The syphon should l.»e made of rubber tulie of 
5 mm. diameter. 

Vacuum - ve.ssels for use with the Hampson liijuefaction 
apparatus and for similar puriioses are made with an opening at 
the liottorn (Fig. 2) ; the spiral connecting tulie gives sufficient 
elasticity to eliminate strain. The liquid air may be drawn off 
through a metal tap connected liy a rubber junction with the 
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glass tube. The tap .should always be oj^ened very 
slowly so tt.s to allow the cold vaijour to pass through the spiral 
before the liquid enters it. It is usually' necesssary to 
clo.'ie the to]> tjf the ve.ssel w’ith the hand so as to force 
the liquifl through tlie tap. 

It must not be foi-gotteii that the temperature of 
li<|uid air ri.ses rapidly as the nitrogen evaporates, and 
tliat its boiling-])oint cannot be taken as deKnite, as 
lias lieen a.ssuined by some «»bservers. The temperature 
can always Ijc iletermined by means of a hydrogen or platinum 
resistance thermometer, or by making an analysis of the vapour 
which is being given off by it Tp. 224). Constant tempera- 
tures can only be obtained by means of pure liquids ; and by 
employing methyl chloride, sulphur dioxide, nitrous or nitric 
oxides, ethylene, methane, oxygen, nitrogen or carbon monoxide, 
boiling under different pressures, an almost complete range of 
temperature ilown to — 210“ C. can be arrived at. 

A g(is may be condensed in a glass tube surrounding the 
liulb or other apparatus to be cooled, as in Fig. Ill, p. 228, or 
it may be liquefied in a tube and the liquid delivered by a syphon 
into a vacuum-vessel for the experiment. In either case all the 
connections must Ije air-tight so as to avoid loss of the gas, which 
becomes purer from the repeated fractionation to which it is sub- 
jected. The gas should be freed from water or alcohol vapour, 
or the licpiid will be opaque; and arrangements should be made to 
pump off any uncondensable gas which may be present, and which 
would collect on the condensation bulb. The tube in which the 
gas i.s condensed is surrounded with liquid air in a vacuum-v^HeL 
If. us in the case of ethylene, the liquid solidifies, it is necessary 
to lower the vacuum-vessel to allow the solid to melt and to run 
to the bottom of the tube. On the other hand, it will only be 
possible to liquefy nitrogen or carbon monoxide either by the 
application of pressure on the gas or^ by making the liquid air 
in the surrounding vessel lioil under reduced pressure (p. 210). 
If the liquid is to Imj allowed to boil in the tube in which it is 
condensed, as soon as a sufficient quantity has collected, the 
vacuum-vessel should l)o lowered so that the condensation tube 
is quite free of the liquid air ; the mouth of the vacuum-vessel 
is then plugged with wool. Ily’ this means the condensed gas 
only receives heat slowly, and when, its temperature rises to the 
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boiling-point evupomtes quickly. Further, no moisture is de- 
posited on the outside of the tube, and this is often higlily 
important. 

The determination of the 1 soiling- point of licjuetied gjises will 
be dealt with in t'hapler xvii., and it is only necessary to stale 
here that it is sometimes essential to guard against super- 
heating of the liquid. This may easily he done by passing a 
stream of the gas through a tine ca]»illary tube through the 
liquid (p. 210^, or by dropping small scraps of metal into it. 
This is particularly important in tlie case of nitrogen, of freshl\- 
made liquid air, or of liipud air boiling under reduced pressure. 
In the latter case Estreicher euiplo\cd a current of hvdrogen 
(p. 230). 

It is extremely ditlicult t<» maintain a cimsianl temperature by 
evaporating a liquid umler very low pressure. A small ii*duction 
of pressure may be obtained by connecting the vessel containing 
the liquid with a water-pump; a gauge and a large globe sluaild 
be interposed ip. .*>Ur. Very low i»ressurcs can only bt* airived 
at by means of a mechanical pump : and if one consiilcrs that 
1 c.c. of liquid air evaix)rating under a pressure of 8 mm. of 
mercury gives rise to 100 liire.s of gas, this is hardly .surprising. 
At the same time a very considerable lowering of tin* tcmpt*raluro 
can be effected for the puqiose of 8ei>arating gase.s liy fractional 
distillation by the use of a Fleuss or ( anv pump. A considerable 
advantage is obtained by surrounding the vacuum-vessel con- 
taining the liquid air boiling in rarmt with anotluu* ves.sel also 
containing liquid air. 

The sej)aratmi of the gases in a mitfare hg fractional dU- 
tillatioTL — As a method for the preparation of j)ure gases this 
process was first employed by Olszewski in the case of ethylene 
and afterwards by Kuenen to the preparation of pure ethane, 
by Dewar to the separation of helium from Bath gas, and by 
Ramsay and Travers to the separation of the inactive gases of 
atmospheric air. The method is capable of wide extension, and 
is at present the only one l>y whicli hydrogen or nitrogen may 
be separated from gases, such as the hydrocarbons or oxides of 
nitrogen ; the applications of liquid air in this direction liave yet 
to be worked out. Since all knowm gases (with the exception of 
hydrogen, neon, and helium ) can easily be Jiciuefied at a pressure 
of a little over one atmosphere at the temperature of liquid air, 
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tire operation can be carried out in thin-walled glass vessels. To 
illustrate the method of operation it will be well to describe a 
few of the experiments which have actually been carried out 

1. Separatim of ethylene from yases of lower hoilvny-poinis.— 
The action of sulphuric acid on ethyl alcohol gives rise to the 
formation not only of ethylene but also of considerable quantities 
of carbon dioxide, sulphur dioxide, and carbon monoxide. The 
first two may easily be absorbed by caustic soda; the ethylene 
may very easily be condensed and solidified at the temperature 
of liquid air, its Itoiling - point being — 102‘5“; the carbon 
monoxide, however, boils at — 191°, and can only be condensed 
by the ap])Iication of pressure. The apparatus employed is shown 
in Fig. 106. 

The U - tul)e a, which contains a strong solution of caustic 
soda, is connected with the 
gasholder containing the 
mixture of gases, and with 
a tube h, which passes 
through a rubber stopper 
in the neck of the liquefac- 
tion bulb and reaches nearly 
to the bottom. The tube b 
should be about 15 mm. in 
diameter, or it may become 
choked with solid ethylene. 

The tube d is connected 

CIU. AW* 

through a two-way stop- ♦ 

cock c with a gasholder to receive the pure ethylene, and with 
a tube f which dips below the surface of the water or mercury 
in a vessel. 

The apparatus is first exhausted and filled with ethylene, 
and a vacuum- vessel filled with liquid air is brought below the 
bulb and raised so as slowly to increase the cooled surface of the 
bulb. The gas condenses rapidly at first, but after a short time 
the bulb becomes filled with uucondensable gas and condensation 
ccjises. The stopcock c can then be turned so that a slow stream 
of gas escapes at f bubbling through the liquid. The rate of 
How of the gas can easily be regulated, so that practically the 
whole of the ethylene is condensed, while the carbon monoxide 
escapes. It may, however, be necessary to lower the vacuum- 






/ 




V 




d 



212 


EXPERIMENTAL STUDY OK CASES 


vessel once or twice during the experiment, as the layer <if solid 
ethylene in if is highly non-conducting, and must he allowed to 
melt so as to leave as large a condensing surface as jK)s.sihle. 

When the whole of the gas is coiulensed the li<piid air may 
be removed, and the lirst j>art of the gas, which contains caihon 
monoxide, allowed to evaporate and pass back through the U-tube 
into the original gasholder. The iemaiud«*r may then Ik; collected 
in the gasholder intended to receive the pure ethylene. To make 
quite certain that the gas which is* 1>eing collected is pure, a 
platinum resistance thermometer may lie enclo.scd in the 
liquefaction bulb, and the temj>erature tletermined during the 
operation as in the fractional distillation of any other liquid. 
This is more imjtortant in preparing ethane or the higher 
hydrocarbons. 

This method may be employed in the preparation of methane, 
nitric oxide, an«i other gases. 

2. T/ic fractionation of atmonpliiric iiitrof/ni (Phil. Trans. 
1901). — In order to obtain the lighter constituents of almos)>heric 
air a quantity of nitrogen, al*out 100 litres, was condensed 
in a glass bulb immersed in liquid air boiling under reduced 
pressure. The gas condensed rapidly under a pressure of about 
2 u atmospheres, and when the bulb was alsmt two-thirds full 
it was placed in communication with a gasholder, ujul about five 
litres of gas was collected. 

This gas should have contained the greater part of the neon 
and helium from a litre of ai^on, but the actual result wn.s 
disappointing, for on removing the nitrogen from the gas the 
inactive residue was found to consist of normal argon only, it 
appeared that the evaporation of the liquid in the bulb had taken 
place at the surface only, and that there had been no fractiona- 
tion. This is probably connected with the fact that liquid 
nitrogen shows a remarkable tendency to become superheated, 
and can only be made to boil steadily by passing a cuirent of gas 
through it 

Since for this reason it was evidently impossible to obtain 
the helium and neon from air by simple fractional distillation, 
the following process was successfully employed. It has been 
pointed out (p. 192) that wlien thp Hampson liciuid air plant 
is so arranged that the air flows in a closed circuit, the 
quantity of the lighter ga.ses in the unliquefied portion of the 
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ail’ (iontiniios to increase. Considerable advantage could be 
obtained by submitting this air to fractional distillation, a process 
which was carried out in the following manner : — 

The blow-off cock S on the Ilampsoii machine fp. 191, Fig. 100) 
was connectecl witli the tube a of the liquefaction bulb (Fig. 1 07), 
wliich had a capacity of 1 20 c.c., ami 

with a mercury manometer about two ^ P ^rTn n 

metres in height. The tube a was ^ H 

sealed to a cafiillary tube which D p ! 

n^aelietl nearly to the bottom of the 1^ 

bulb, which was also in communica- Q 

ti«>u through a side-tube and a pair of brass stoj)- 
cneks soldered to a T- piece with the tube a, and with 
tlie gasholder in wliich the lightest fraction of tlie 
gas (*ould he collecteil. The ajiparatus was immersed 
as far as the side-tube in a vacuum- vessel containing 
litluid air. 

I )uring the licpiefaction the cock c was shut, and 
the cock h was open so that the gas could have free / ^ 
access to the bulb. The pressure 011 the gas was 
regulated to about 2*5 atmospheres by opening or 
closing the escajie-cock P on the Hampsou machine. tU 
When about 100 c.c. of liquid had condensed, the 
cock h was closed, so that the air could only enter 
the bulb through the capillary tube. The cock c 
was then slightly opened so as to allow some of the gas produced 
by the evaporation of the liquid to pass into the gasholder ; as the 
liquid was thoroughly stirred by the current of gas which entered 
tlirough the capillary tube, the liquid boiled and did not evaporate 
from the surface only. When about five litres of gas liad been 
collected, the cock c was again closed, and by opening the pinch- 
cock d, the liquid remaining in the bulb was run into the 
vacuum-vessel surrounding it. After closing d the apparatus 
was ready for a second operation. 

In this process the air was found to have uudeigone an efficient 
fri^ctionation, for after removing the oxygen and nitrogen from 
the gas the residue couteined at least 10 per cent of a mixture 
of neon and helium. 

3. The fractionation of atmospheric argon, and the preparatum 
of neon (liainsny and Travel's, Proc. Pog. iitoe. 63 , 43S ; ^ 183 ; 
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Phil. Trans. 1901 ). — The preparation ol* a large (quantity of 
tirgon (15 litres), for the purpose of detennining whether it 
would be possible to separate it into its possible constituents by 
fractional distillation, has already been refenecl to (p. lOG); it 
remains to describe the method by which the process was carried 
out, and the results to which it led. 

The ai’gon, which was stored over watt*r in a zinc gasometcT, 
was liquefied in the bulb b of the apparatus shown in I'ig. 108, 

which it entered through 
the tul^c <(. The bulb 
had a t‘apiicity of about 
2 5 c.c..and was surrounded 
by li([uiil air contained in 
a vacuum - vt*ssel. The, 
air was made U) boil 
under a pressure of a lew 
centimetres of mercury by 
means of a Fleuss ]mmj) 
attached to the tube r. 
The argon rapidly and 
completely liquefied to a colourless mobile li([uid ; it showe<l no 
absorption spectrum. Its volume was about 1 7*4 c.c. l>y turn- 
ing the tixp d it was placed in communication with the first of the 
series of mercury ga.sholders, r ; the reservoir was then lowei cd so 
as to remove the lower-boiling {s^rtions of the liquid. During this 
distillation, which took place at constiint temperature, the pressun* 
on the boiling air was kept as low as possible. This ga.s sub- 
sequently turned out to be rich in neon, and to contain helium. 
The remainder of the argon boiled back into the gasometer until 
the last few drops were left ; the residue 8olidifie<l, and finally 
gave a gas to which we gave the name nietargon ; it wjis collecteil 
in mercury gasliolders. As will be subsequently shown, the 
krypton and xenon in this quantity of argon are too minute for 
detection, A similar operation for the purpose of s«^parating 
the lighter as well. as the heavier constituents was afterwards 
repeated three times, tlie middle portion of argon being always 
returned to the large gasholder. A fourth liquefaction was 
carried out in which six mercury gasholders were filled with six 
separate fractions of argon, each taken after each successive fifth 
of the total argon had evaponited. These fractions were next 
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puriKed fruiu any nitrogen accidentally present by sparking with 
oxygen over caustic potash. After the removal of the oxygen 
the density was determined. The results are expressed in terms 
of 0 = 1 G. 


i{Nii‘ity of Hiilb. 

Tvinp. 


Weight. 

D»*nsity, 

f.r. 


iiiiii. 

Kraiii. 


(1) 

10 -or,' 

f*35 1 

0*03786 

19*65 


l.'i-70^ 

712*0 

0*05*265 

19*95 

(•‘i) ; 

1/00 

662*2 

0*05012 

19*95 

(0 .. 

1 1 *r*ri ' 

719*8 

0*05400 

19*91 

(r>) 

U'tur 

740*4 

0*05389 

19*97 

/>' -1 

16*i:r 

760*2 

0*05501 

19*95 


Fraction 4 certainly contained a trace of nitrogen, and it is 
prol table that fractifui 1 still contained some neon, though this 
could not he detected. The results .show conclusively that the 
inactive constituent of atmospheric air consists almost entirely 
of argon, and that substance is homogeneous in its character. 
The density of argon, when more accurately determined, was 
found to be IG’Ooo. 

The light gas obtained 
by the iractionation of the 
argon was then submitted 
to a further fractionation 
in the apparatu.s .shown 
in Fig. 1 09, which has .since 
been frequently employed 
for similar purposes. The 
gasholder A is connected, 
through the stopcock !>, 
with the liquefaction bulb 
which communicates 
with the Tdpler pump 
through the stcqxjock 1). 

The gasholder is coi^nected 
by a rublier tube with a 
mercury reservoir, and the 
bulb <! is surrounded with 
liquid air contained in a vacuum-vessel. Before introducing the 
gas the bulb c was e.\hnusted, and to remove air from the bore of 
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the stopcock the incrcury ivsciNoir was lowertMl as to }>roilucc 
a barometric vacuum in A, aiul the stoju'ock l> was turned, as in 
the figTLire. 

The vacuum-vessel suiTouiulini; the bulb was lilli‘d with 
liquid air, which was made to boil under reiliu*ed ]»ressure by 
means of a Fleuss pump which was eoimccicd with it. l»y 
immersing the vacuum-vessel suiTmiudin^: the bulb in anoihei* 
vessel containinir lujuid air, it was p(»ssible to nduce the tern- 
pemture to — without mucir lai»our. 

The mixtuie ot‘ arm»u with the lighter oases (1). wliicli laid 
the density 14, coiulcnscil without <lilUculiy, and l*y sim|dy 
raising the mercury reservoir the whole of it li(pielied in tin* 
bulk It was then allowed to evapoiate in live apj»ro\imatcly 
equal fractions (*J to G). in whieh, as tlieir (buisitie< show, the 
quantity of argon jnvsenl successively increased. In the iollow- 
ing scheme of fractionation the nuntlaus in brackets rc]»rcst‘nl 
the densitie.s of corres[)onding fractiiais- — 
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The heaviest fraction (fi) was next introduced into the Gas- 
holder, antHiquefied. A portion of it, uljout a quarter, was then 
allowed to evaporate, and the denser portion which remained 
l»ehind was removed throuGh the pump and collected 8ei»arntely 
(12). The lighter gas was then liquefied togjBther with fraction 
5, the denser portion forming fraction 11, the lighter ])ortion 
being mixed with fraction 4 and relitiuefied. This process 
was relocated with each of the existing fractions, with the result 
that six new fractions of gas were ol>tnined and, as the densities 
show, a considerable separation was effected. 
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• Tlie lightest fractiou, Xo. 7, which no longer showed the 
sjmctruui of argon, had the density 9'7, and could not be con- 
densed at the temperature of lirpiid air boiling under reduced 
jiressure, even under two atmosjiheres pressure. In order, to 
fractionate it further, it was mixed with a considerable volume 
of oxygen, ami the mixture was lu^uefied and allowed to evaporate 
in three fractions fl.**, 14, It is noteworthy tliat whih* 

tlie presence of a small ijuantity, an eipial volume, of argon is 
sutlie.ient to cause the neon to lujuefy, the gas cannot be easily 
e<aidensed with thirty times its volume of oxygen and nitrogen. 

After removing the oxygen from each fractiou separately, it 
was found tliat in tlie third (lo) alone could the spectrum of 
argon he detected by visual examination ; the other fractions 
apjieareil to consist of jmro neon. When, however, the spectrum 
of the lightest fraction ( l:.l) was photogi-aphed, the helium lines 
(\ = ."i.S7o and oOlG) appeiired on the plate. Tliis observation 
introduced a new feature into the work, for although no difficulty 
ha<l Iiet'u exjierienced in separating the argon from the lighter 
gas, it ajipeared probable that the separation of neon and helium 
from one another would prove considerably more troublesome. 

In tile next stage of the operations, fractious 13 and 14 
were liiiuelied separately with excess of oxygen, and each was 
divided into three parts (10, 17, 18, — 19, 20, 21). After 
removing the oxygen and examining • the fractions spectroscopi- 
cally, fractions 10, 17, and 19, which contained the greatest 
(luautity of helium, were combined, as were fractions 18 and 
20, which should have contained the purest neon. The two 
latter, mixed, had the density 8'3 ; they probably still con- 
tained helium in considerable quantity. Fractions 8 to 12, 15, 
and 21 were further fractionated, and yielded about 20 c.c. of a 
gas of density lO'O (24). 

Fraction 22 was now divided into two parts (28 and 29) by 
fractionation with oxygen, and the heavier fractiou (29), mixed 
with fractions 23 and 24, was liquefied with oxygen and dividetl 
into four parts. The lightest part (30), as certainly containing 
helium, was mixed with fraction 28 ; the two middle fractions 
were mixed and I'efractionated with oxygen, the resulting 
fractions, 34, and 35, having densities 8‘3 and 9'8 respectively; 
the heaviest fraction, a single bubble of gas, consisted almost 
entirely of argon. 
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So far, it is probable tliat the composition of fraction II o 
approached most closely to pure neon. It certainly, however, 
confined both helium and argrm, and it was evident tlmt in 
order to obtain a weighable quantity of the gas, it would be iieces- 
Siiry to start from a much larger quantity of the crude material. 

The exact details of the various attempts which were imule 
to liquefy neon liave been described in a pajuT before the 
Royal Society (PhiL 1901). It suhices to state here tlial 

though it was found i^)ssible to separate the greater imri t>f 
the argon from the gas by fractional solutitai in oxygen, there 
appeared to be no great difference between the .solubilities of 
iielium and neon in the liquid. 

The separation of these two gases was ultimattdy aceomjdished 
by liquefying them in a bulb co<ded by liquid hydrogen. At 
this temperature the neon condensctl, possibly to a solid, and 
its vapour pressure was not more than oO mm. ; lla^ Indium 
apjjeared to remain gaseous, while the argon was non-volatili‘. 
After condensing the gas the first fraction was taken into tin; 
pump <p. 21/1) ; it contained a large (luanlity of helium. Tin' 
secoml fraction, which evaporated slowly, was collcctoil separat* ly, 
and after removing the vacuum-vessel containing the liydn^gcn, 
a third fraction containing argon was collected. The s(‘cond 
fraction was then recoiidensed, a small quantity of it was allowed 
to evaporate into the pump, and the main bulk ol‘ tbi; gas was 
collected as pure neon ; the last traces of the gas WTre again 
discarded since they might contain traces of argon. 

The fraction of the gas supposed to Ije pure neon was found 
to have the density 1 0. 

2. The separation of krypton and xenon from air.- When 
liquid air is allowed to evaporate quietly in a vacuum-vessid, 
the last traces o£ liquid consist almost entirely of oxygen (p. 
223), with small quantities of nitrogen, argon, krypton, and 
xenon. The latter are present only as traces, as they are pres(mt 
in the atmosphere to so small an extent that they cannot he 
detected in the residue obtained by the fractionation of 1 o 
litres of atmospheric argon. The Hampson process for tl^e 
production of lifiuid air is itself one of fractionation, about o 
per cent of the total air which passes through the coils becoming 
liquid, and it is probable that the whole of the xenon and part 
of the krypton are condensed ; it is certain that when the air is 
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ina’de to circulate through the apparatus (p. 191), the quantity 
of the heavier gases in the residue from the liquid air is Very 
much reduced. Under the most favourable conditions a litre of 
liquid air mighty yield O'l to 0'2 .ac. of xenon, which may be 
jiresent in the atmosphere to the extent of 1 part in twenty 
millions. 

The liquid was allowed to evaporate, the gas being collected 
in a gasholder: the oxygen was removed by passing the gas 
together with hydrogen tfirough a heated iron Uibe, and the 
nitrogen was absorbed by means of the mixture of magnesium 
and lime. The residual gas was then sparked with oxygen, or 
pjussed over heated copp«*r oxide to remove traces of carbon 
moiioxiile or liydrogen, ami after treatment Avith soda solution 
Wits ready for fractionation. 

The first quantity of the gas obtained in this manner 
(Kamsay and Travers, Proc. Jtoi/. Soe. 63, 405) had the density 
22'o, and its spectrum showed the brilliant yellow line, 
l)^(X.= o.S71). After the first fractionation the fraction, which 
was siipjiosed to contain the heavier gas, was found to have a 
density lairely e.xceeding that of argon, though the brilliance 
of the yellow line was not diminished. It was afterAvards 
slioAvu tliat the fall in density was due to the complete 
removal of the xenon, Avhich had remained in the fractionation 
bulb, as its vapour pressure at the temperature of liquid air is 
infinitesimal. That the gas of density 20 showed the krypton 
line brilliantly, though the density of the latter gas is 40‘8, is 
due to the fact that the spectrum of krypton, like that of 
mercury, is apparent Avhen only a trace of it is present in 
another gas. 

The apparatus employed in fractionating the gas was the 
same as that employed in separating neon from its companions 
(Fig. 108, p, 215). When a sufficient quantity of the inactive 
gases from liquid air residues had been collected, it was liquefied 
at the temperature of liquid air; the first portion, consisting 
mainly of argon, Avas allowed to evaporate into the gasholder A, 
apd the remaining gas, which was rich in the heavier constituents, 
Avas collected separately. The last traces of gas were taken off 
through the pump, the v'essel containing the liquid air being 
lowered to allow the xenon to volatilise completely. In this 
Avay about 300 c.c. of heavy gas were obtained. 
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The whole of this gas (I ) was introduced into the gasholder, 
and after being lujiietied was allowed to evaporate in six e<|ual 
portions (2-7), the last fraction (7) being taken olf ihnuigh tlie 
pump idler remnving tin* li^juid air. Fraction 2 consisted of 
almost pure argon, so it was tliscardt‘d, while fractions 2. to 7 
were submitted to furtluu* treatment. I’he c our.se of tin* o]K‘ra- 
tioii is shown in Table I : the fratuions. which wore <Iiscardeil. an* 
indicated by figures in sipiaiv brackets : the fractions, etc. show 


the proportions 

into which the quantities of gi 

;is W*‘n‘ di\id(Ml. 

Fraction 

was 1 

lirst introilneed into the Lia<lc»ldc^ 

r. and condensed 

-[•^j 
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■jl \ 1.M 1 > 


•* 

11 

17 

i:\ \ -J.'* 



VI 

- 

*jr. 

1) i7v:* 

‘J'' 

t 





in the bulb. Al.)oiU of it was th(*n alloweil to eva]»oratc, and 
the gas was tran.sferred to a tula* (S). Fra(‘tion 4 was then 
condensed with the residue and fuirtially evap<jratt»(l, the lirst 
portion of the gas which distilled forming fraction 0. 1'his 
operation was repeated with fractions o, 0, and 7, the <iuantilies 
of gas taken off at each distillation l)eing so graduated that i\ui 
resulting fractions were all approximately e^ual ; the last fiactitui 
was taken off through the pump after removing the li<pu<l air 
jacket. Fraction 8 ^vas discarded as consisting mainly of argon, 
and by refractionating numbers 9 to IM six other fraction.s were 
obtained . (14 to 19;, and of these the first two weni reject(*d 
after spectroscopic examination. 

As the four remaining fmetions (10 to 19) .solidified at the 
temperature of liquid air, it was thought that hy mixing them 
with oxygen it might be possible to effect a more rai>i(t and 
complete separation of their constituents. A singh* experiment 
was sufficient to convince us tliis was not the case, but that the 
difficulty of manipulation was only increased ; the metlunl was 
therefore abandoned. 

Proceeding l)y the original method fraction 1 G was condensed 
and evaporated into t\vo portions (20, 21); the lighter jM)rti(m 
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about H of the whole, was rejected. The remaining third (21) 
wa.s mixed with fraetiuu 17 ; the gas was condensed and the first 
fraction (22) was rejecteil, and the remainder was condensed with 
fraction IS and divided into three fractions (24, 25, 26). 
Kractions 27, 2S* and 29 were obtained in the same way. 

During the early stages of the fractionation the spectroscope 
liad been the only guide in determining whether a separation of 
the gases was being affected. Later, however, it became apparent 
that there were present in flie mixture three or more gases whose 
\apour pr«*ssures at the temperature of liijuid air were widely 
ililferent ; for while argon could only be liquehed under pressure, 
the vapour pressure of krypton did not e.xceed 150 rnm., and 
the remaining gas ai»peared to be nearly non-volatile. 

On account of the readiness with which the two latter con- 
densed it was necessary to take certain precautions usually 
unnecessary in fractionating gases. If the stem of the fractiona- 
tion bulb were immer.sed in liquid air before the gas was intro- 
duced the gas condensed in it, and as the liquid air evaporated, the 
soliil volatilised without undeigoing fractionation. To overcome 
this dilliculty the vacuum-vessel was supported so that the surface 
of the lifiuid air only just touched the bottom of the bulb; when 
the gas was admitted it condensed in the bulb which was then 
completely immersed in the liquid air. In fractionating krypton 
and xenon every fraction of gas was taken off through the 
pump. 

Fractions 24, 25, 27, 28, 29 now consisted of krypton and 
xenon with but little argon. Of these fractions 25 was 
unfortunately lost through an accident ; 24 had a density 32'07 : 
fractions 27 and 28 appeared to have about the same composition, 
the mixture had the density 47*55 ; fraction 29 had the density 
56*04. 


•24 

-30 — 

-D = 3207- 

-31- i 

D=36-6 

•27- 

-30- - 



-D = 47-55-. 

-D=41-44 

•28- 

! -31-' 


•2ft 

31- 

= 56-04- 



-3*2 

-D=61-7 


Fractions 27 and* 28 were mixed together, and each of the 
three quantities of gas was in turn solidified in the fractionation 
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bulb, and separated into a lighter and a heavier part. Tlie.se 
fractions were mixed as is shown in the table so as to obtain 
three samples of gas, two of which api»eared from their spectra 
to be nearly pure krypton, while the third of density 01*7 
consisted chietly of xenon. The two lighter fractions W(‘re 
septirately solidified and soixtraied into two portions : — 

kr\'j>ton aiul ar^mi 
I) -- 

ot I> Kiyptim. 

or> II l>~4u-7:l Krvj*t<>n. 

D ^ 41*44 

3d Krypton atiil xenon 

The heavier iwo-thirvN of the light gas aiul the 

lighter two-thirds (8 e.(\) of the heavy gas lanl the satin* 
density and the same refraetivity. and it was therelore (*onelmh‘d 
that thev consisted td’ one and the same definite chemical 
substance, to wliicli the name krypton had been >iiven. Kiiithe!', 
if .the assumption that krypton is a nionatomie element is a 
com'ct one. its atomic weight is 81-5. and it occupies tin* 
position in the periodic table of the elements between bromim* 
and rnbidiuni. 

The separation of the xenon fiom the krypton in lnielions 
;32 and .‘?6 proved nmre tedious than dillieult, for llnmgh their 
vapour pressures at the temiwriiture of liijuid air ditl'ered vt*i-y 
considerably, the krypton apjMjared to dissolve or Iweome (uiclosed 
in the solid xenon, and could only lx* separated by repeated 
fractionation. The gas was condensed into the bulb, in the 
manner already described, and allowe«l to volatili.se into the 
pump, the exhaustion being continued so long as any gas could be 
removeil. The vessel containing the liquid air was then lowered, 
and the xenon was collected separately. The lightei- frac'tion 
(37) was treated in this manner several times till nearly all the 

. -37 Krypton with trace of xenon. 

32, 36 I 

. '-38 Xenon with trace of krypton. 

xenon had been removed to fraction 38, which was then subjected 
to the inverse operation, that is to say, it was comlen.sed, and 
after taking ofi* traces of krypton through the pump, it was 
allowed to volatilise, the process l)eing repeated wnth the heavier 
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fnVition. Ill this way about 3 c.c. of a gas of density 64 
was olitained, and as the density did not increase on further 
fractionation it was taken to be a pure sample of xenon, the 
heaviest constituent of atrnosplieric air. This is confirmed by 
the fact that tlie* density corresponds to the atomic weight 128, 
placing xenon between iodine and ca-sinin in the periodic table. 


H . 

I 

He . 

3-95 

Li . 

i 

F . 

19 

Ne . 

19*9 

Na . 

23 

(1 . 

35-5 

A 

39-9 

K . 

39 

IJr . 

80 

Kr . 

82 

Rb . 

85-5 

I 

127 

X . 

128 

Cs . 

133 


4. The (Ustil/ation of liquid air, — Mr. K C. C. Baly has 
investigated the relationship of tlie composition of the liquid and 
Vtipoiir phase of liquid air boiling under constant pressure, and 
has shown that the equation, 

log r = a + b log r, 

in which / is the ratio of the components in the liquid and r 
the ratio of the ctimponents in the vapour, holds good. This 
eciuation was first applied by Lehfeldt (Phil. May, [5], xl. 397) to 
the results of F. 1). Brown {Chem. Soc. Trans, xxxix. 304) for the 
distillation of two liquids ; and in Baly's experiments the air i^ 
siipposeil to consist of a mixture of oxygen and nitrogen, the 
ell'ect of the argon being negligible. The following figures indi- 
cate the order of the agreement between the observed and 
calculated values of ratios of the oxygen to the nitrogen in the 
vapour phase ; they are, indeed, as close as could be desired : — 


‘oiistant-pressure, 
^drogen scale 

Ratio obserwd. 

Ratio calculated. 

80*^ 

0136 

0-137 

82^ 

0-309 

0-310 

84' 

• 0*584 

0-586 

86‘ 

1*09 

1-09 

88'^ 

2-29 

2-30 

90' 

* 8-81 

8-87 


The temperatures ere determined by means of a Callendar 
compensated hydrogen thermometer (p. 151). The samples of 
the vapour were drawn off through a capillary tube close to the 
surface of the liquid air, which was contained in a vacuum-vessel 
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plugged with cotton-wool ; the oxygen was iihsorbed by ineitns 
of phosphorus. At the same time samples of li(|uitl were drawn 
into a fine capillaiy tube connected through a wider tube with a 
water-pump and with a mercury gasholder ; the liijuid evaporated 
in the wide tube, and the analysis i>f the gas drawn into the 
gasholder gave the c’oin}H)sitiim of the litpiid. 

'Slw Baly's results may be applieil to the delerminaticni of the 
temperature of liquid air fnun the analysis of its couslilueiils. 
The method gives very accurate results, and is perhaps the ivadiot 
metluHl of checking resistaiuv thermomelers, etc., at low 
temperatures (see p. 

The VAroi’K Phase 


IViupTaCiiv 

(constitnl- 
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43-38 
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89-82 

82*0' 

52-17 
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55-94 
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To the separation of* the constituents of a liquid by fractional 
distillation there is a practical limit on account of the extreme 
diHiculty of niakintj the liquid Ijoil as a whole. It was found 
(PhiL TnuiH, 1901) that whmi atmospheric nitrogen, condeiLsed 
in a bulb at th^ temj)erature of li([uid air, was allowed to 
evaporate* under atnnispherie pressure, the composition of the 
vaiinur was the same as that of the licpiid, and no separation of 
tlie neon and helium ocxuirred. When, however, a current of 
air was Idown into the li(^iftd through a capillary tube, the gas 
wlii(*h boiled off was rich in the lighter constituents. 

In some cases there is also a theoretical limit to the degree 

of separation which can be effected. . 

If the vapour pressure of a mix- I 

ture of two substances at the 

sanu* temperatun* /, be jdolled 

against the (piantity of one of 

tliem which is present in the 

li(|uid, the curve may have the p 

h)rm represented by <?, />, or t\ 

Tlie curve h represents the case 

in which, as the vapour pressure 

rises, the concentruticui of one 

constitmuit in the li(juid continu- 

allv increases. The majoritv of 

. , . .. ,1 . Fig. 110. 

mixtures, including air, lollow this 

rule ; they are all capable of being more or less completely 
sejiarated into their constituents. The curve a represents the 
case in which a mixture of tw’o liquids at a ceitain temperature has 
a greater vapour pressure p than either of its constituents. In 
this case, if the mixture were allowed to evaporate at the pressure 
Py the liquiil would boil at temperature ^ and the distillate would 
have a constant composition corresponding to that wdiich gave 
the maximum pressure ; the residue would consist of the higher 
boiling constituent. The curve c represents the invei'se set of 
conditions. 

Ily altering the pressure and consequently the tempera- 
ture of ebullition of the liquid, the relationship betw’een the 
composition of the lupiid and vapour phases will be changed. 
Consequently, though it may be impossible to obtain an efficient 
separation of the constituents umler one set of conditions, it may 

o 
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be possible to do so uiider another. I' nlbrtunately, little wdrk 
has been done in this direction, and so far only organic litjuids 
and water have been investigated. Litpietiud gases should lend 
themselves readily to this investigation, as it would be jawsihlc 
to obtain dirwt analyses of tlie li<juid and of tlie vapour, and to 
determine the vapour pressures and the heats of evaporation of 
the liquids. Those data would bo at least suHioiont for a partial 
solution of the problem. 
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VAPOUR PRESSURE AND CRITICAL CONSTANTS 


The detin-niiiiatinii of va]>oui‘ pressures — The eoinprcssion apiiaratiis— Standardising 
higli pressure gauges — Introduction of gases and lii^uids into the coni- 
. ])ressi{)n tube's —Calculation of the results— The law of Ramsay and Young — 
\ apour pressures of water and methyl alcohol — Vajiour pressures, l>oiling- 
]>oiuts, nieltiiig - points, critical constants, etc., of oxygen, ozone, nitrogen 
(chemical and atmospheric), ethylene, methane, nitric oxide, nitrous oxide, 
carbon monoxide, carbon dioxide, and ammonia — Table of constants for the 
commoner gases — Determination of the critical constants — The critical temper* 
ature ami jiressure — The critical volume by the methotls of Cailletet and 
Mathias, and of Young. 


The vapour pressures of liquefied gases may be determined by 
one of two methods; either the liquid may be allowed to 
evaporate and its temperature determined by means of a thermo- 
meter immersed in it ; or the gas may be condensed in a bulb, 
which is connected with a manometer and maintained at constant 
temperature by immersion in a bath of liquid, preferably boiling 
under constant pressure. 

The first method can only be carried out with considerable 
quantities of the gaS, and even if a platinum resistance thermo- 
meter is used, it is difficult to reduce the quantity to less than 
two or three litres. The method has a distinct advantage in 
dealing with mixtures, and it would be very difficult to measure 
the vapour pressure of such a substance as liquid air by the second 
method, for unless the temperature remained very constant for 
a considerable time the condition of equilibrium between the 
vapour and the liquid would never be arrived at. This method 
was employed by Olszewski, Estreicher, and Baly in determining 
the boiling-points of nitrogen and oxygen, and by the latter in 
determining the relationship between the composition and boiling- 
points of mixtures of the two (see p. 224). 
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The second method was emploved in the determination of Hie 
vapour pressure of ar^on, etc. Kor pressures up to SOO mm. an 
open manometer was used ; for hi^dier j>ressure8 it was necessary 
to emph)y a compression apparatus winch will b(‘ described later. 

The apparatus employed in the determination of vajnair 
pressures up to 8U0 mm. ch>sely resembled the aj>iiaratus used 

in fra«;ti<)natinii; the li4uelied oases. 
The bulb A. in which the wa.s 
condensed, communicated with the 
Liasholibr !», with the pumj) thnaiLih 
tlic stopcot'k and with the mano- 
meter If Tla* pressure (‘mihl be 
adjn'*lt‘d by raising (»r loweriiijj: tin* 
restiAoir K by means ol' a striiiL^ 
whicli ]iasst‘d i>\er a ]nilli*y ; the 
levels of tla‘ siafaee of the men urv 
in the two lubes was deltninined by 
rcfeictice to a sihtned .ulass scale 
J ‘laced behind them. 

After thoroughly (*.\haustin:j[ the 
apjKiratu.s the was introduced into 
liie ^uasladdcr !», and li^uelied (U‘ 
solidified in the bulli A, which was im- 
mensed in li<|uid air or .some otlau’ 
rcfriizerant ; tin* teinpcratun* wa." 
detcrminctl by a platinum re.si.slama* 
or livdiwen lluninomctor. In ord(n* 
to test the ]iurity of the ^as, it was 
usual to tak«» readinj^^s with tlu* 
mercury in different positioii.s in the 
manometer tube. If a change of 
volume did not proiluce a change in 
pressure the gas was taken to be pure : otherwise small quantities 
of gas might l)e taken into the jmmp through the stopcock E till 
the jiressure of the remainder became constant, or it was necessary 
to reject the sample of gas. 

In determining tlie vapour pressure of a ]i(iuefied or solidified 
gas, at the temperature of pure liquid .surrounding the bulb and 
boiling under atmospheric pre.ssure, no ditticulty was experience<l, 
and very concordant readings could be obtained. It was not, 
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however, possible to determine the vapour pressures accurately if 
tlie temperature was risin" rapidly, since the rate of evaporation 
of tlie liquid or solid did not keep ])ace with the rise of tempera- 
ture of the hatli. The How of heat aoi’oss the walls of the bulb is 
not rapid enough to compensate for the heat lost by evaporation, 
and the licpiid or solid and the vapour never arrive at a con- 
ilition of (squilibrium. Tliis was particularly marked at tempera- 
tures below the melting-point of the stihstance under examination. 
It was also noticed that in determining the vapour pressure of 
solid argon at about 8 00 mm, pressure using a bath of liquid 
air, that it was difficult to obtain very concordant readings. It 
a])])eared that the pressure varied fairly rai)idly with the tem- 
l)erature, and the irn^gularity was caused by the superheating of 
tlm liquid air. 

Thk Detkhmination op the A'alues of /m' at High Pre.ssures, 
ANU OF Vapour Tuessures, Critical Con.stants, etc. 

Till" fomprmmi machine. — A convenient form of compression 
apparatu-s, which may be employed for the determination of vapour 
l)re.ssure8, critical points, etc., has been described by llamsay and 
Young, and more recently motlified by the latter. It may be used 
up to 200 atmospheres, or even higher, without difficulty ; but 
the volume of gas which can lie compressed is limited, of course, 
by the size of the plunger. 

The body of the instrument (Fig. 112) consists of a wrought- 
iron barrel, with openings «, a', a" to receive the compression 
tubes. Two of the openings are at the top, the third a", is at 
the side, but by means of an attachment 6, it may be made to 
serve the same purpose as a and a\ The openings are closed by 
caps fitted to them by means of well-cut screws. Holes in the 
caps admit of the passage of the capillary compression tubes or 
manometers. The pressure is applied by means of a screw / 
and a cylindrical plunger d. The latter, working between guide 
bars e, passes through the cap y, which serves as a gland, into 
the interior of the apparatus. 

• The compression tubes and manometers are made by sealing 
capillary tubes to tubes of about 8 mm. in diameter, which are 
drawn out at the lower end (Fig. 113). The tubes should be of 
lead-glass, which is usually UM»re uniform than soda-glass ; a line 
of white enamel on the back of the tubes facilitates observation. 
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The tubes can bo graduatod and calibrated from the clos(»d end in 
the manner described <ni j). 7t>. The vulunios nuiy be expressed 
in grains of inercury or in cubic centimetres. 

The vKUiometee .^. — It is usual tt» em]>loy two manometers, one 
reading pressures up t<^ about 10 atmospheres and one reading 
pressures up to oO or 6U atnio>])heres. In eacli case the 
capillary portion siiould be about r»0O mm. bmg, and should 
have an internal diameter of abmu tes mm. The wider tube at 
the bottom of the high-pressure gauge slu>uld havi^ a capacity 
ot about - (*.c. lioih manonu*t<*rs mav be tilled with drv aii*. 



for which the values of pv liave been accurately determined l>y 
Amagat (p. 16b). 

The compression tube to contain the gas whose compnjssibilily 
or vapour pressures are to l>e determined is of the same form as the 
high-pressure manometer. The wdde tube should also be drawn 
out at the open end, .so that it may be sealed to an apparatus for 
introducing the gas (p. 300). In the determination of tin? vapour 
pressures at low temperatures the capillary portion of the tube 
should Ije l»ent on itself. 

Before the gas is introduced into the nianoineter or conij)re.s- 
sion tube the latter is fitted into the caj» in the following manner. 
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A icyliiider of rubber is cut from a rubber stopper by means of a 
large cork borer, so that it exactly fits the cavity in the cap and 
fills it to within about 3 mm. of the surface. A hole of exactly 


the same diameter as the wider portion of the capillary 
tube is bored neiMy through the cork and is continued, 
as in the figure, by means of a smaller cork-borer, to 
allow for the jiassing of the capillary tube ; both holes 
must be truly central. A washer of hard leather, 
previously heated on a wat3r bath in a flask containing 
tallow, is placed above the rubber, and a worm of 
hard beeswax is twisted round the glass tube close to 
the washei’. 

The cap g through which the plunger passes is 
also packed with rub1)er, but the plunger itself is sur- 
rounded with a layer of thin leather thoroughly soaked 
in grease. If this precaution is not taken the plunger 
may adhere to the rubber, which will in consequence 
rni»idly wear away. 

To introduce air or any other gas into the com- 
pression tubes or manometer, after fitting it into the 
screw-cap of the compression apparatus, it may be 
sealed to the apparatus for introducing gases into 
vacuum tubes. After exhaustion, the gas is introduced 
at a slightly reduced pressure, and the compression 
tube is sealed off with a hand-blowpipe. The volume 
of gas in the tube can, if necessary, be determined by 
measuring the volume of gas let into the apparatus and 
the volume removed through the pump. This opera- 
tion is, howevei’, somewhat difficult to carry out with 
accuracy. It must not be forgotten that the introduction 
of .too great a quantity of gas might render it impossible 
to compress the gas into the capillary portion of the 
tube at all. The point of the tube can easily be 
broken off below the surface of the mercury in the 
compression apparatus before the cap is screwed home. 

This method is not usually employed in filling the 
gauges with air. The oikjii end of the gauge is attached 
by a piece of rubber tulie, through tubes containing pent- 



oxide of phosphorus and soda lime, to the pump. After exhausting 


the tube and admitting air two or three times, the rubber tube is 
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rapidly removed and the open end oi* the ji:fxuge is jjlnnj^ini helnw 
the surface of the mereiiry in the e(uni»ression appamtns. 

If the substance is a liquid at the ordinary tein}MMiiture of 
the air it is necessary to piweed sonu^what dilTcrently. The 
quill tube e (Fig. 1 12), is blown into a bulb and drawn out again 
at t\ A small quantity of liquid is placed in the tube, and wliile 
the liquid is boiling it is sealed at r. The greater part of tla* 
liquid is then distilled out of a and Ik and condenses in c, which is 
cooled; when sutficient liquid is left in c the tube is sealed at <L 
The point of the lube is bnikeii beneath the surface* of llu? nicrcurv 
in the compression apparatus in the manner already described. 

After the two manometers are pliu‘ed in position a vertical 
capillary tube, about !*”» metres in length, is litteil into the tliird 
cap, which is screwed on to the apparatus. 'Fliis sta ves as an 
o|>en jnanometer for determining the ^alues of the product pr for 
the low-pressure manometer. The manometers are enclosed in 
tubes through which a current of water circulates, the tcmp(Maiun* 
being determined by means of a ihermometm* in one of tlicm. 
The pressures nre read off on a scale placed hchiml the vtulical 
tulx\ and the ilifference of Icvd of the imuc nrv in the open ami 
closed (low ju'cssure) manometers is determined by reading witli 
a telescope tlie ]»oint of the scale corrc.<:]»onding to the lir-^l givalua- 
tion on the inanoineter, which is u.sufdly divided in milliim*tr(‘^. 
Ob.servations arc usually taken with rising and falling [pressure, 
and before each n:*ading the apparatus is hammered with (he 
hand to bring the mercury in the capillary tube into adjustment. 
The following are the results of an experiment. 

Barometer, 747*2 mm. 

Difference of level.«« — .'^2r»’2 on scale = 710*0 on manomt*ler. 


jlutl 

nil' 

r - 

j 

Volume of air. 

^ %m 

£!■§ 

1 |1J 

1 

'So i i 

II ■ !1 

''1 : 5 

■ci 

tir- 

Ip 

w -• 

Z ^ 

- s 

IS '' 

il 

X "-J 

if'^ 

tz 

ill 

cgs 

'"1 

328 *6 ! 

*17442 

'285*93’! 

' *16653 I 677*7 j 

- •'»•-» , 

16*4 ' C. 

1417 *5 23,606 

14*23*2 

346*7 i 

•18393 

285*75* 

*17.571 i 584 *4 

-r2l-5 


1.349 2 >23.707 

i:ms*s 

369*6 

*19619 

! ••• 

•18743 1 477*6 

+ 44-4 


1265*5 123,714 

1261*4 

400*1 

*21220 

; 285*72’ 

•20275 j 351 -7 

+ 74-9 

... 

1174*4 '23,812 

1168*9 

1 442*3 

•23279 

•22242 198-4 

+ 1171 


1059*7 123,570, 

1065*5 

1481*7 i 

*25577 

1 

•24438 ' 70-0 

4 156-5 


070*9 : 23.727 

969*8 

503*7 ’ 

•27494 


•26270 18-5 

-178-5 


004*6 '23.764 

002*2 
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• Mean value of product = 237'00. 

The figures in the last column indicate the order of accuracy 
of the experiment. 

This set of observations serves to standardise the low- 
pressure gauge, which can now be comi)ared with the high- 
pressure gauge, to determine the value of pv for the latter. For 
this purpose the ojjen manometer is removed, and is replaced 
either by the comjtression tuixi containing the gas to be examined, 
or by a plug of glass, ^he pressure is then raised till the 
mercury enters the capillary tube of the high-pressure gauge, and 
a series of simultaneous readings of the volunies of the two gauges 
aie taken. It i.s necessary to apply a correction for the differ- 
ence of level between tlie surfaces of the mercury in the two 
gauges, but if the two are at the same temperature no other 
correction is necessary. The results of a set of observations are 
stated in the following table : — 




u 

0 fi: t. 

ill 

> 

il = 

i 

*S. 5 

s 

i I i 

■ 1 I 

■slis 

uu 

ilN 

% 

X 

> 

84 Ti 

2-4172 

45-0 

-02790 

285-85'* 

9.358 

21,595 

21.520 

]o:>-4 

2-2827 

; 40-8 

-02572 

, 285-85" 1 

1 10,096 

132-3 

1-9985 

' 35-35 

-0-2288 

, 285-85" 1 

1 11,273 

21,508 

ir>7-i 

1 -7816 

30-6 

-02071 

' 285-85" 

12,389 1 

21,514 

179-8 

1 -58-25 

, 26-0 

•01802 

; 285-8" 

14,154 j 

21,396 

ir>3-o 

1-8175 

, 31-3 

•U2078 

‘ 285-85" 

12,352 ; 

21,434 

84-7 

2-4145 

45-0 ’ 

-0-2790 

285-9" 

9,356 

‘ 21,536 

ri 8-8 

2-5597 

49-5 

•03011 

285*85’ 

8.721 

21.600 


Mean value of pv= 215'12. 

In the case of tlie higiv-pressure manonfeter the high figures 
correspond to small volumes, while the inverse is the case wdth 
the low-pressure gauge. The difference of the levels of the 
mei’cury in the two gauges may be deduced from the observation 
that the mark 8 3 '2 on the high-pressure gauge corresponds to 
the mark 2r)’8 on the low-pressure gauge. The figures in the 
sixth column are calculated from the formula, 

Ps= ‘ 273 > 

^ Observed volume x -ip- j 
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It is uimeccssary to apply a further cm direct ion to nnluce the 
observed pressures to actual pn*ssures, since wc* wish to ealeulate 
the product 

(voliuiu*) X (olKservcil pressure 
for the high-pressure gauge. 

The most convenient way in which the cM)rrection can he 
applied is as follows: — Tlie reciprocals of tlic volumes an* 
calcuhitctl from the values i*f VV i'ov hir as uiveii by Ama.uat : — 


P, (nnii".) 

»• 


5,000 

5,01 1 

11 

10,000 

D>,040 

13 

15,000 

15.11 

113 

: 2 o, 0 oo 


202 

25,i»oo 

•25.31 1 

31 1 

30,000 

30,4 1 1 

4 11 

35.000 

35,582 

.5S7 

40,000 

4(5,712 

717 

45,00(j 

45.*-.51 

S5 1 

.5(»,000 

50,1135 

335 

.55,i»00 

50,03S 

1»»3S 

f>O,()00 

01,133 

1133 


The tigures in the third column stand for the amounts in 
millimetres to he siihtracted frcun the ol)S(.*rvcd prcssuri‘s, the 
reciprocals of the volumes, in orde.r to determine the* true 
j>ressure. The figures in the second and ihinl columns may he 
plotted on a curve. 

The determination of the vajKuir pressure of a liejuid confined 
under high pressure in the apparatus just described, is a (com- 
paratively simple matter so long as the compression tube can In* 
maintained^ at a fairly constant temperature. The tube (‘an he 
surrounded by a water-jacket, or by the vapour of a li(|uid boiling 
under constant pressure in the apparatus described in the 
Appendix. For low temperatures the end of the tube, which is 
Ijent downwards, may l>e immersed in a liquefi(!d gas which may 
be allowed to evaporate into a gasholder ; the temperature nuiy 
he determined by means of a gjis thermometer or resistance coil. 
When working at low temperatures it is very necessary to take 
care that the mercury is not forced into that part of tlie tube 
which is cooled below its freezing-point. 
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In determining the vapour pressure, after the temperature 
has become fairly constant the pressure should be raised until 
some of the gas has become condensed in the tube. The 
ajtparatus should then be thoroughly hammered with the band to 
allow the mercury in the gauges to settle into position, and 
after sufficient time has elapsed for the vapour and the liquid to 
arrive at a condition of equilibrium, the gauges are read. The 
inessure may lie calculated from either or from both of the 
gauges. If the temperature is fairly constant it should be 
])Ossiblo to make two or more observations of the pressure, 
changing the volume of the vapour in the compression tube 
between each observation. It may be noted here that in the 
case of water Ilamsay and Young found that the vapour pressure 
dejiended upon the volume of liquid in the compression tube : 
this is probably due to the existence of some difl'erence between 
the nature or composition of the surface, and of the mass of the 
liquid, and may be connected with the fact that water is an 
associated liquid. 

The following figures indicate the method of calculating the 
vapour pressure from the readings of one of the gauges. They 
represent the vajxiur pressure of argon at the temperature of 
boiling nitric oxide. 


(iawaa 

rr'adiii^. 

Ti'inpiMU* 

ture. 

Voluuie. 

Il'-atO C. 
r 

A 

119-0 

j 

■ 284 -55" A j 

2-1157 

10,596 min. 

-236 

1-22-5 

’ » ! 

2-0846 

10,781 „ 

-402 

1187 

t 

f 1 

2-1168 

10,592 „ 

-226 


I 


p. 


- .'>4 10,306 ' 

-57 10,322 j 
-54 10 , 312 ' 


Here A stands for the difference of the level of the mercury 
in the manometer and compression tube, and since the volume of 
vapour and liquid was changed between the observations it is not 
a constant. The correction c which is subtracted from the 
ol^erved pressure to reduce it to the actual pressure is obtained 
from the curve referred to on p. 234. 

Calnilafion of the vaixmr pressure of liquids . — llamsay and 
Young (iVu7, Mag., 188G, 21 , 33») have shown that the vapour 
pressures of any liquid may be calculated for any temperature 
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when the vapour i»ressinvs et)rrespoiuli!ij; to two temperatures 
are known. 

Let T/x and he the temperatures eorresjxoiuHii)^ to tlie 
vapour ju-essure p tor two liquids, and 'J\/' aiul T// the tempera- 
tures corresponding' to the vaptuir juessure p for the same jiair of 
liquids. 

Thus : -- 

TI.~Tt.‘ J " ' 

when /c* is some, constant. 

Methyl alcohol or water, liquids for wliieh the vajiour 
pressures have been accurately deifuanined over a wiile ran;j:e of 
temperature, may he laktui on one side, and on tin* other the 
.substance for which only a few points Imve been found. The 
accuraev, of course, increases with the numh(*r of known 
points, for it is thfU ix»ssible to plot tin* nvsiilts on cnr\i' 
paper, and redetenniiu' the pressures f)r teniperatunvs frttni the 
'Uiootljed ratios. In the following jdate the ahsolntc t('n»)>era- 
tures of water corre.sjwnding to the delinile vap<»ur pre.ssnres are 
matle the ordinates, and the ratios eorresponding to tliose 
lenijieraturt;.s are made the abscissa-. 

In the following table the oljserved vapour juessures 
corresponding to cerUiin absolute tenijK?ratuies for krypton are 
given Ujgether with the corresjjoiiding absobite temjH'.ratures for 
water and methyl alcohol, and the ratios which have been 
calculated from them. The re.sult.s are jtloitcd on the aceompany- 
ing plate in the manner indicated above. 


p. 

TKr. 


TKr. 

Taq. 

Tal. 

TKr. 

'lal. 


112-7 

355*1 

0-3174 

321*8 

0-3502 

808*7 

1231 

377*5 

*3264 

342*3 

•3596 

11,970 

170*0 

474*3 

•3603 

329*3 

*3981 

28,808 

107*9 

521*2 

*3797 

471*4 

*4108 

30,837 

201*0 

525*1 

•3828 

475*0 

•4229 

31,021 

201*5 

526*6 

*3826 

476*4 

•4230 

34,693 

204*1 

532*2 

•3835 

481*4 

•4240 

37,006 

206*4 

536*2 

•3849 

485*0 

•4256 

41,245 

210*5 

544*3 

•3876 

491*0 

•4287 


In order to plot the vapour pressure curve for krypton, 
the absolute temperatures of water corresponding to definite 
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intervals of i)ressure were first determined, and the ratios 
corresponding to these temperatures were read off on the plate; 



the ratios multiplied by the absolute temperatures for water gave 
the absolute temperatures for krypton corresponding to the same 
pressures. 


\ (mill.) 

Ta(i. 

TKr. 

Taq. 

TKr. 

400 

356-0 

*3198 

113*8 

000 

:njo-5 

•3229 

118*35 

900 

374*6 

•3257 

122*0 

1,200 

380*6 

*3280 

124*8 

1,500 

390*8 

*3315 

129*55 

2,000 

402*6 

•3359 

135*2 
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P. ^mui.i 

Tatj. 

TKr. 

Tiui. 

TKr. 

4.000 

427-2 

•3449 

147-3 

6.000 

443-3 

*3:>07 

155-5 

8,000 

r)ri5*8 

*3:>53 

101-95 

10,000 

4t)5-i) 

*3:)91 

' 107-3 

16,000 

488*7 

•3072 

179-45 

20.0O0 

500-4 

•3717 

180-0 

30,000 

523-0 

•3801 

199-0 

40.000 

541-i 

•3805 

209-1 

41.300 

critical poiulV 

210-5 


The figures in the first and last colnnms jtlolted as ordinates 
and absoisste give tlie vapour pressure curve, ft is uutieeahle that 
tlie curve can be continued above the critical point, but it has n<t 
real significance. 

VaihHir of inif, )’. — The vapour-pressures at leni])cra- 

tures l>et\veen —20° and 120 have been calculated by l»roch 
from Ueguault's determinations ; lliey are to be found in every 
large te.\t-book of }thysics. The vajtour ])rcssures at higher 
tempemtures have been determined Ity Kamsay and Young {Phil. 
T/ww., 1S02, 1S3 a, 112). 


\'.vPofK I’REi<.siHr. or Watku 


r. A»‘s. 

I*. Him.) 

T. Ah*.. 

1*. 'mm.) 

393’ 

1484 

473 

11,625 

403 

2010 

4«3 

14,240 

413’ 

2694 

493^ 

1 7,365 

423" 

3568 

503^ 

20,936 

433’ 

4652 

513" 

25,019 

443 

5937 

523 

29,734 

453’ 

7487 

533' 

35,059 

463' 

9403 

543 

41,101 


The vapour pressure.s of methyl alcohol have been cletennined 
over wider ranges, and are therefore often useful (lUiinsay and 
Young, Phil. Train. 1887, 137, 326). They are as follows: — 
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VaPOL'H i’llKSiiUKKK OF MeTHYL ALCOHOE 


T. Al.s. 

P. (mm.) 

T. AIls. 

P, >'nini.) 


• 7 005 

433 

12,999 


15*402 

443 

10,213 

273" 

29*000 

453" 

20,010 

2H3‘ 

54*224 

403 

24,481 

293' 

95*104 

473 

29,088 

303' 

1 00-28 • 

483 

35,722 

313" 

200*47 

493 

42,670 

323 

409*47 

498' 

46,530 

333' 

025*10 

503' 

50,651 

343' 

920*0 

505' 

52,378 

353' 

1,340*3 

507' 

54,151 

3f;3 

1,894*0 

509" 

55,971 

373" 

2,022*5 

510' 

56,900 

3h3 

3,501*1 

51 r 

57,839 

393 

4,751*3 

511*5 

58,310 

403 

0,239*2 

512" 

58,790 

413 

8,072*5 

512*5" 

59,268 

423' 

10,300 

513" 

59,759 


<h i/i/eii . — The iM^ilinf'-point ou the constant-volume hydrogen 
scale lias been determined by Wroblewski, 90‘6 (Weiner Akad. 
1888) : Olszewski, 90’6 ; Ladenburg and Krugel, 90'7 ; and 
Dewar, 90‘:5 to 91‘5. 

The vapour pressures of oxygen have been determined by 
Olszewski, Kslreieher, and Ikily. Olszewski’s measurements 
extend from 02’ Abs. to the boiling-point, which was de- 
termined botli by the hydrogen and by the helium thermometer 
(see p. 156). Measurements at higher pressures (C. r. 100 , 351) 
were also carried out: the observed temperatures appear to be 
alKiut half a degree too high. Estreicher’s measurements are 
very erratic, but are sufficiently numerous to give an idea of the 
trend of the curve. Haly’s experiments cover only a limited 
mngc ; the temperatures were determined by means of a Calleudar 
thermometer (p. 151). The smoothed results, which appear to 
lie about 0'5° too low, are given in the follow'ing table : — 


[Table 
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lVmp*‘i-at uiv 
(constant* 
piesNUif (B.), 
c»»nstiint- 
^oilllnc (( 

i. 

ami K.) 

(B.) 

Bli 




tU 

tl."» 




ti7 


t)'' 


t)i» 


70 


71 


7‘2 

7^1 

7] 


77) 

70 


77’U' 


77 *7)' 

L>-7 

7>-o 

170-0 

7'^*:) 


70 0' 

I9ip5 

79 T* • 

200 *♦> 

.^0 0 

220*0 


234-0 

>1*0' 

249-0 

.V 

201-8 

82 0 

281 *8 

H2-y 

299*5 

83-0^ 

319*2 

8:5-7)^ 

338*6 

SI -O' 

359-0 

8i-,V 

380*5 

85*0' 

401*8 

85 ■5’' 

424*6 

80*0 

419*0 

St);')' 

475*5 

87-0' 

503 

87 '5* 

530-5 

88*0' 

560*0 

SS*5' 

590*0 

89*0' 

621*5 

89*5' 

653*6 

90*0 

6S7-5 

90-5 

725*5 

91 *0' 

761*5 


Xnpour-l'ivs.sutt'. 


o 

(tUv) 

(K.) 


9-ti 

ID’S 

11-0 

1 *3 

1 1 

.i;*i 

17-7 

19-7 

21-2 

21-0 

25-6 

29 1 

31 0 

35*6 

37-2 

13-0 

U-6 

7»l ‘tJ 

53-0 

oro 

62 5 

7*j*u 

73-5 

>5*0 

St» n 

100 

U)o 

117*5 

116-0 

136-2 

131 

1 16-5 

1151 

15n-0 

1 5,’> '7 

169-8 

1 »57 '5 

1S2-5 

lSO-0 

195-9 

1‘93'9 

210-1 

20S1 

22 1 *> 

2*22 ’> 

210-1 

*237*9 

257-0 

253-7 

274-0 

270*0 

292 1 

287*5 

311*7 

305-3 

332-0 

323-3 

353-5 

31*2 3 

376 '4 

362 0 

101-7 

38*2-9 

4*27*0 

101-6 

454*0 

4*27*1 

182*0 

151-7 

510*5 

177*0 

540*5 • 

506-5 

571 *6 

538-6 

6»14*7 

571*5 

639*9 

608*8 

676*6 

616*5 

711*2 

685*0 

753*2 

725*5 

791*0 

766*0 


CIlAf. 


Olszewski’s laeasuremeQts at higher pressures are as fulluws 
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T. (Ab.*4.) 



P. (mni.; 

154*2" (Critical) . 



. 44,080 

153*5" 



. 37,772 

151*4' 



. 35,402 

150*4' 



. 34,580 

140*0" • . . . 



. 32,080 

147*4'’ 



. 30,704 

140*2^ 



. 28,956 

145*0 



. 27,588 

144*0^ ^ . 



. 26,144 

142*7 



. 24,776 

120*0 



. 10,412 

124*4' 



9,348 

121*4" 



7,782 

116*4 



0,355 

113*r 



4,735 

100*0' 



3,230 

07 0 



1,642 

01*0" 



760 


I^ter results upjiear to indicate that the boiling-point of 
oxygen on the constant-volume hydrogen scale is 90‘5 '. 

Ozoni '. — Troost (C. /•., 1898, 126 , 1781) and I^denburg {Ber., 
1898, 2r)08) have succeeded in obtaining fairly pure liquid 
ozone by condensing ozonised oxygen and subsequently evaporat- 
ing the liquid. They give 154" Abs. and 148® Abs. resitectively 
as the lower limiting value for the Iwiling-point. The experiment 
is a dangerous one, though Tixiost states that liquid ozone is non- 
explosive in tlie absence of organic matter. 

Ily passing ozonised oxygen into a vacuum-vessel in which a 
test-tube of liquid air is suspended, the ozone may be condensed 
to a blue Ihpiid, which collects in drops on the outside of the 
test-tube. 

NUrmjen . — The measurements of the vapour pressure of 
atmospheric nitrogen by Olszewski {C. r., 99 , 134 ; 100 , 350) and 
Baly (/w. fjV.).8how a very close agreement. Olszewski’s experi- 
ments cover a wider range ; the critical point was found to be 
124° A. and the melting-point 59® A. at 60 mm. pressure; the 
constant - volume hydrogen thermometer was employed. The 
temperatures in Baly’s experiments are on the constant-pressure 
hydrogen .scale. The following table contains the results 
smoothed by the method of Bainsay and Young : — 
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Tfiiiiperatiire. 

Almosphi’rio 

PivsNUiv in iiiin. 

Haly. 

‘ rht'niic'ul. 

Olszi'w.ski 

(.VtiMosphtM'ir'). 

77 

71G-0 

717-0 

726-0 

i I ‘i» 

7r»7*7) 

700-0 

768*5 

7S 

S00‘0 

SOG-0 

815*0 

7>'5“ 

aS4G-5 

i.S5t)-0 

860-5 

7i» ' 

S95-0 

900-0 

90S -5 

7i^\» 

944*0 

959 0 

959-0 

SO 

99:>‘0 

10i:i 0 

1.010-5 

S0'.» 

10 lH-0 

1072-5 

1,065*5 

sr 

1104-0 

1130-5 

1.121-5 


11G30 

1193-0 

1,180*0 

S-J 

1225-4 

125.V-0 

1,240*5 

Mi '0 

1290*0 

1324*0 

l,301*t» 

Nr 

1357-0 

lO'iG-O 

1.369 5 

s.‘rr» 

1420 -0 

nos-o 

1. 13'^*n 

M 

1497-0 

1511-5 

l,50s-5 


1570-5 

ir*23*5 

].5''*2() 

s:. 

IGIG-O 

17o5-5 

1,65'^*0 

^1/ 'o 

17-25*0 

1792-0 

1,737*0 


1S05-0 


1,820-0 


1S95-0 

19GM0 

1,904-5 

M 

19>5*0 

20G2 0 

l,i»92-5 

S7*5' 

207G0 

2110-0 

2.0M *0 

ss 

-2170-0 

-2*250 -0 

2,173*5 


2207-0 

2310-0 

2,2tlS-o 

st-i 

•j:5GS-0 

: 2465-0 

2,36S*0 


2472-5 

-2575-5 

2,172-0 

90 

25M-0 

2GSG-0 

2,579*0 

90 -ii' 

•2094*0 

2799*0 

2 ,6 S>m» 

91 

irZA' 

94 r 
95-9 

97 G 

2S120 

2916*5 

2,802*0 

3.125-0 

3,581-0 

4, OSS 
4,6.52 

99-r 



5,274 

lorj' 



.5,962 

103-0' 



6,717 

104-9" 



7,546 

106-7^ 



8,64 4 

108-G^ 



9,443 

110-4' 



10,520 

ll-i-3' 



11,689 

114-3" 

... 

i 

12,956 

116-2' 

... 

1 

14,325 

118 -r 


! ... I 

16,801 

120-1' 


i — 

17,390 

122 



19,097 

124 ^Critical) 

1 : 

20,926 


Elhyleyie . — The boiling-point of ethylene has been found by 
Olszewski {C. r., 99, 133) and by liamsay and Travers to lie 
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1 70*5^ Abs. When, however, the ratios of the corresponding tem- 
peratures of water and ethylene, as determined by Olszewski, are 
jilotted, the ratios corresponding to the lower pressures lie on a 
liiKi which does not include the ratio corresponding to the boiling- 
point. It appear.4, therefore, probable tliat either the Ixiiling- 
]»oiiit is incorrect or the temperatures corresponding to the lower 
pressunis are alfected by a constant error. The following values 
for tlie vapour ijressures are calculated from the obsen^ed tem- 
l)t‘iatur(?s of boiling ethylene, measured by means of a Callendar 
(‘onstant-pressure hydrogen thermometer. The results are pro- 
bably 1 too low. 


1\ (mill.) 

T. fAbh.) 

1\ (mni.) 

T. (Abs.) 

100 

143*8 

500 

164-1’ 

L>0U 

151*9^ 

600 

166*8 

:ujo 

loTO 

700 

169*2" 

400 

100*8 

760 

170*5" 


Wroblew.ski ( AkaiL, 18S8) and Witkowski {PhiL Mag., 
ISIK), 1) found the boiling-point to be lG9'o'^ on the constant- 
volume hydrogen scale ; this result appeal's to be correct. 

The melting-point of ethylene is about 90“ Abs., and conse- 
ciueiitly the licpiid may be used as a refrigerant over a very wide 
range of temperature. 

Metkaur,- —The results obtained by Olszewski (C'. r., 100 , 940) 
when smoothed by the method of Euinsay and Young appear 
fairly concorilant. The following values have been calculated 
from ihmn; — 


1\ ( 111111 . 

T. (Abs.) 

P. (mm.) 

T. (Abs.) 

500 

103*6^ 

15,000 

160*5“ 

760 

108*3" 

20,000 

167*9" 

1,000 

111-6’ 

26,000 

174-4" 

2,000 

121-2" 

30,000 

180-1" 

4,000 

132*2" 

35,000 

184-9" 

6,000 

139-7" 

1 40,000 

189-4" 

8,000 

145-7" 

42,400 

191-2" (Critical) 

10,000 “ 

150-6" 



liunisay and Travel's tind 

the boiliug-point to be 112*7" Al®. 


Nitric oxide . — The results obtained by Olszewski for the 
vapour pressures of nitric oxide are somewhat peculiar. When 
the vapour-pressure curve is plotted it is found that it cuts the 
curve for methane, which should not occur in the case of simple 
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substances. Further, the ratios of the correspondinj' absolute 
temperatures (p. 2:16) for nitric oxide and methyl alcohol, when 
plotted against the methyl alcohol temperatures, do not lie on a 
straight line, and the lx)iling-point determined by extrapolation 
(p. 237) from the pressures at the higher tempemturas is found 
to be 12T'6' (Abs.) instead of 120 0 which wa.s the observeil 
temperature. The gas was prepired by lieating ferrou.s 
sulphate with nitric acid, but it is probable that the sample 
examined contained nitrogen, an idea which is supported by the 
high critical pres.sure assigned to the gas. It is ^wssible, though 
improbable, that the irregularities are due to a.ssociation tak- 
ing place at low temperatures. The following arc Olszewski’s 
results : — 


F. nim.) 

T. (Al>s.) 

P. 

T. (Al»s. 

18 


24,31() 

1030’ 

138 


3J,1()0 

lOS-O 

760 

1 20m) 

37,024 

172*1 

4,104 

135*0 

43,028 

175*5 

8,050 

144*0 

54,112 

170*5 

15, -200 

154*0 




The l)oiling-point, as determined by llumsay and Travers, is 
123'!'' Alts. The gas was li<pieticd by means of lupiitl air, and 
purified by fractional distillation. The temperature was deter- 
mined by means of a platinum resistance thermometer, which 
had Ijcen standardised by direct comparison with a constant- 
pressure hydrogen thermometer (p. 151). The temjierature re- 
mained constant so long as the coil was immersed in the litpiid. 
It may be noted that a minute trace of the liigher oxide is 
sufficient to give a blue colour to the liquid. 

Nitrous aride . — Kamsay and Shields (Chem. Soc. Jmir., 189:1, 
• 63 , 135) have detennined the boiling- and melting-points by 
means of the constant-volume hydrogen thermometer. 

Melting-point .... ITO-.I’ Abs. 

Boiling-i>oint .... ISS'^” „ 

The vapour pressures were determined by Faraday in 1845, 
but the results are worthless. 

Cailletet and Mathias (Jour, de Physique [2], 6 , 549) deter- 
mined the volume of the liquid and vapour at temperatures 
between 273° and 305’ Abs. The critical point, according 
to their results, is 310° Abs. 
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Cnrhoii mov oxide , — Olszewski {C. n, 99 , 706). The following 
are the values of the vapour pressures calculated by the method 
of* Rainsay and Young from Olszewski’s results : — 


P. (mm.) 

* T. (Abs.) 

P. (mm.) 

T. (Abs.) 

760 

83 0" 

10,000 

119*2“ 

2,000 

02-7" 

15,000 

128*3“ 

4,000 

106*9" 

20,000 

133*2" 

0,000 

1 11*4" 

25,000 

135*8" 

8,000 

115*1" 

25,400 

137 *4 “(Critical) 


Corhon dioxide , — It is somewhat strange that the vapour 
pi essures of carbon dioxide have never been accurately determined. 
In Andrews’s observations the pressures were calculated on the 
assumption of Boyle’s law : and since the gas certainly contained 
a trace of air, the results, even if corrected, would be of little 
value. Andrews gives 30.‘V98 Abs. tis the critical temperature, 
uud 73 atmospheres as the critical pressure; the pressure 
('orrected for the deviation of pv from unity is probably about 
r»4,400 mm. 

Amagat {Jour, de Physique [3], 1, 388) gives the following 
values for the critical constants: IV = 304*35, Pc = 55404, 
Vfss 0'4G4 cc. Cailletet and Mathias {Jour, de Physique [2], 6, 
549) obtained about the same value for the critical temperature. 

(/ailletet {C, r., 112, 1170) gives the vapour pressures between 
~80 and -34 C. 


P. (mm.) 

T. (Abs.) 

P. (nini.) 

T. (Abs.) 

760 

193 '(Solid)* 

4159 

223’ 

1178 

299" 

6627 

229’ 

1681 

203" 

7790 

233" 

2356 

209" 

9652 

239" 

2964 

213" 




When these results are plotted, they appear somewhat 
irregular. 

The melting-point, which lies some little way above the 
boiling-point, does not appear to have been determined. 

A mixture of solid carbonic acid and ether has a constant 
temperature 194*8'^ Abs. so long as it has the consistency of 
butter ; as soon os ether appeal's at the surface the temperature 
rises (Olszewski). 
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The densities of liquid carbon dioxide have been determined 
by Cailletet and Mathias : — 


T. (Abs.) 
303-2 
301-1 
298-0 
292-7 
286-6 
275-2 


Don.sity, 

0-3507 

0-30*14 

0-2543 

0-2014 

01585 

O-1O40 


— Till* vaiiimr pressuivs ha\t* boon di’torniiiifd liy 
for temperatuvos i>et\voen — .'10 aiul + TiO Tlu; ri-sulls. 
when plotted by the method ot‘ llaiiisay and Yonny yive a fairly 
straight line. The following are tlie smoothed results: — 


W {mm.) 

T. 

P. (mm. I 

T. (Ab*.. 

760 

236-0 

4.(>00 

27l»3 

8uO 

241-3 

6,00r) 

290-3 

lOoO 

245-8 

8,000 

2!>9-9 

1200 

249*7^ 

10,000 

307*1 

1500 

254-8 

12,00() 

313-7 

2000 

261-4 

14,000 

319-1 

30 OO 

•271*5 

16.000 

32 1-3 


The results obtained by rdumke apjasir to be le.ss reliable. 
The vapour pre.s.sm’es at higher temperature.s can be obtaini-d by 
extrapolating on Pictet’s observation by means of tlu! formula- 

TsH^ = TcH30Uio(J4U7] +Tt Hj,on x 0000:i 1 3 1 8;, 

where Tch^oh is the temperature of methyl alcohol corresponding 
to the pressure refpiireil. 

Vincent and Chappins give for the critical constants — 

Critical temperature = 404“ Abs. 

Critical pressure = 83,800 mm. 

Helium, neon, argon, krypton, and xemn . — Dewar states that 
the helium cannot be condensed at the melting-point of hydrogen. 
At the boiling-point of liquid hydrogen neon appears to solidify 
(R. and T.) (p. 218), and to have a very low vapour pressure ; its 
critical temperature lies below — 210 ' C. The following are the 
smoothed values for the vapour pressure of the three remaining 
gases (Ramsay and Travers, Thil. Trane., 1901) : — 
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PKEHSrilF. 

TKMPKKATntK. 

<CoiiHtuiit-i>ri‘KHiirti hydnjKeii.) 

1 Pkkhhckk. 

TkMPEKATL'RR. ; 

(ConHtant'preHsure hydrogen.) ; 

Mm. 

Argon. 

Kryptun. 

Xenon. 

Mill. 

Argon. 

Krypton. 

Xenon, j 

i 

liOO 

78*94^ 

110*48' 

148*9' 

, 14,000 

129*47’ 

175*88’ 

1 

238-7" 1 

100 

SI *31* 

113*84' 

153*2 

16,000 

132*73' 

179*4.5’ 

243-7- ! 

500 

8:j*;j‘2" 

116*14' 

1.56*8^ 

18,000 

134*88" 

182*79’ 

248-3'' ' 

000 

84*89" 

IPS *35' 

159*7" 

: 20,000 

137*36" 

186*00’ 

252-6" 

700 

80*38'' 

120*19' 

102*0' 

22,000 

139*65' 

188*88’ 

256-6" ; 

7»)0 




24,000 

141*80' 

191*68’ 

-260-2- 

800 

87*77' 

122*01' 

164*7' 

i 26,000 

143*8*2' 

194*3*2" 

263-8' ' 

' 1,000 

89*90' 

1*24*84 

1044*8" 

! 28,000 

145*80' 

196*7*2’ 

267-2* 

i,r>oo 

93*52' 

129*55 

176*8‘ 

i 30,000 

147*58' 

199*02’ 

270-2* ; 

• 2,000 

97-9.V 

135**23’ 

182*9' 

3*2,000 

149*28' 

201*21' 

273-7" 

3,000 

103*33' 

142*17' 

19*2*4' 

34,000 

1.50*88' 

203*32' 

276-0" 

4,000 

107*27' 

147*34’ 

199*0 

: 36,000 

lf.*2*5*2' 

205*40’ 

278-9- 

0,000 


1 55 *47 ' 

210*8' 

38,000 

154*11’ 

207*25’ 

-281-9" 

S,on0 

118*00' 

101*95' 

219*0' 


. . . 


10,000 

1*2*2 *7*2 

107*31 

2*20*8 

' 40,200 

I 55 W 



1*2,000 

1 -20 ' 

17r><7 

233*1 

41,240 

Critical 

2ibV 







Critical 






‘ 43,500 



287-77" 


Critical 


Table of Constants 



Ahsolule ‘ 

Abholnte 

AbNolutt* 

Critical 

Dt’nsity at 

CToloiiir 1 


hilling- 

IKiinl. 

melting* 

{Munt. 

cntieal- ) 
IHiint. 

pn'twmn* 

(mm.) 

boiliiig- 

l>oint. 

liquid. 

Hydrogen 

20 

16 

35 

11,600 

0*06 

Colourless 

Oxygen . 

90*5 

Ih‘1ow 50 

154 

44,080 

1*131 

Bluish 

Nitrogen .elieniieali 

7 7 -.54 

60 

124 

20,930 

0*791 

Colourless 

Xi t rogeu t a tmo.s|pheric 

77*50 , 

60 


25,400 


»» 

Carbon monoxide . 

83*0 

66 ’ 

137 


»» 

('arbon dioxide 

193 

... 

304 

55,000 



Nitric oxide 

123*1 


179? 

54,0001! ... 


Nitrous oxide . 

183*2 : 

170*3 

310*0 , 



•» 

Methane . 

lUS-3 


191 

42,400 

0 416 

» » 

Ktbaiic . 

ISO 

helowl20 

805 

38,100 



Projiane . 

228 


370 

33,440 



Ktbylonc . 

169*5 

104 ’ 

282 

44,080 

0-.571 

*> 

Acetyleiio 

190*5 } 


308 

46,375 

• • 

1 * 

Methyl chloride 

249*3 1 


416 

41,000 

... 

1 • 

Suljihur dioxide 

263 


428*4 

60.000 

... 

i» 

Yellowish 

Fluorine . 

186 1 



... 

1*11 

Chlonuo . 

239*6 




1*507 

Colourless 

Hydrogen .siil{)hi<le . 

211*5 1 


373 

69,900 



Hydrogen phosphide 

188 1 


404 

85,900 



IVinnionia 

234*5 ] 

197*5 



Helium . 

below *20 

i 

... 




Noon 

30-40 i 


below 65 




Argon 

86*90 


; 156*6 

40,200 

1*212 

♦* 

Krypton . 

121*83 

j ; 

1 210*5 i 

41,240 

2*155 

' 

Xenon 

163*9 

i 

1 287*8 « 

43,500 

3*.52 

» • 
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The critical condants, — The only difficulty in determining the 
critical temperature is that of maintaining a constant and delinite 
temperature during the experiment The methods employed in 
regulating the temperature are described in the ai)pendix and 
in the chapter on the liquefaction of gases. 

The gas or liquid may be contained in one of the capillary 
tubes of the compression apparatus, or in a sealed tube. There 
is no difficulty in condensing gases such as carbonic acid, sulphur 
dioxide, etc., even without employing liquitl air. ()bsi»rvati(»ns 
should be made l)oth with rising and falling temperature. 

The tempeniture obtained by diri»ct observation in this way 
may differ slightly from the true critical temperatun*. since the 
volume occupied by the ga.s is not the true critical volume. 
Since, however, as will be pointed out again later, a very small 
change of jiressure at the critical teinjuunture involves a consider- 
able change in volume, the error introduced is exceedingly small. 

The eriticai preasuee is the most easily determined of the 
critical constants. The liquid or gas is eiudosed in the eapillary 
tube of the compression apparatus, and the tube is heated or 
cooled, so that pan of it is just above the critical temperature 
and part below it. The ]>ressure is then slowly increased till the 
critical pressure is reached, when the meniscus between the licpiid 
and the vapour in the tube suddenly disfqjpears. ( )b.servati()n.s 
may be made both with rising and with falling ju’essure. 
(Altsehul, ZeiL Pht/s. Chem. ii. 1893, r>77). 

If the critical temperature and the vapour ])ressures corre- 
sponding to two or more temperatures are known, th(i critical 
pressure may be calculated by the method given on p. 23fi. 

The critical volume. — The determination of the critical 
volume is a matter of considerable difficulty, even when the 
substance in the liquid state can be brought into contact witli 
mercury. This is only possible in the case of licpiids whose 
critical temperatures lie within a very limited range. Tlie 
difficulty is considerably increased by the fact that a very small 
change of temperature about the critical point produces a con- 
siderable change in volume. ^ 

S. Young (Phil. May., 1892, 181) has described a method 
for the determination of the critical volume in the case of 
liquids which can be brought into contact with mercury at their 
critical points. The gas, which is contained under pressure in 
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the cjipillary portion of a compression tube, is maintained at a 
temperature slightly above its critical point, and is allowed to 
expand by slowly turning the screw of the compressor. Separa- 
tion of liquid takes place momentarily, owing to adiabatic cooling, 
and the iwsition’of the surface is observed. After repeated 
trials, the volume is so adjusted that, on lowering the pressure 
very slightly, the surface of the liquid lies almost at the top of 
the tube, and its volume can Ije read off directly. 

The method of (MUlctet and Mnthian {C. r., 1886, 102, 1202) 



certainly yields the most accurate results which have yet been 
obtained. It has already been pointed out that each of the 
isothermals for any substance below its critical point contains two 
points corresponding to the volume occupied by the liquid, and 
by its vapour under the same pressure. The curve joining these 
points is tangential to the isothermal corresponding to the critical 
temperature, since at this temperature the volumes of the liquid and 
of the vapour under the same pressure are identical. According to 
Cailletet and Mathias, the points representing the mean of the 
densities of the liquid and of the vapour should lie on a straight 
lihe which should also pass through the point corresponding to 
the critical volume. When D, is the density of the liquid, and 
Dp the density of the vapour at temperature T, 

^(D| + D,.) = rt + tT. 
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The method thus involves the deteriniimtion of the volumes 
of the saturated vapour and of the liquid, at tenij»enitiiros as 
close as possible to the critical point. Tlie values are plotted in 
curves, and the curves are continued by hand ; the ptu tion 
of the curve remaining undeUuinined is shown in the 
figure by a dotted line. The bisecting line, whicli is 
practically straight, is then drawn, and tin* ciitical 
volume is read olf on the curve. 

In order to determine the volumes of the saturate*!! 
vapour a known quantity of tlu* gas contained in Iht* 
compression-tube was alloweil to evaporate very slowly at 
constant temiH^rature. When the litpiid had (»ompleti ly 
evaporated tfie volume of tlie vapour W’as ol»st*rved. 

To iletermine tlie volumes of the liqiiiil a liydroslaliit 
method was employed. An 0-t.ube (Kig. 11»)), a)M»ut oO 
cm. long, and l o mm. internal iliameler, grailualed in 
millimetres, w'as sealed to the eajallary j)ortion of a 
compression -tulie. The lower jiorlion of the 0-Iu1h‘ 
contained mercury, the uppm* part and the rest of tlie 
apparatus gas. 

The 0-tuhe was first slightly co4»Ic‘d so that a ft‘W 
drops of Ihjuid condemsed in caeli limb in «>nlor to 
eliminate the surface-tension eJfect ; the cooling of one 
limb w’as stopped, while the CMimlensation was allowe<l to 
proceed in the other. Tlie whole aj^paratus was main- 
Vhi, ns. Gained at constant tenii>eralure iluring each set of 
readings. ' ' 

Where cl, d\ and if are the densities <»f the li(|ui(l, mercury, 
and vapour, and h and Id are the diflerenees in the heights of 
the mercury and of the liquid column.s, 

hd^lid! -{-(h-hyr. 

The method of Cailletet and Mathias and the jirinciples 
which it involves have been thoroughly studied by S. Toiing 
{Chem. Soc, Jour,, 1897, 446), in the case of the pentane. The 
following points were investigated : — , 

1 . Whether the law of Cailletet and ifathias holds up to the 
critical temperatures. 

2. Whether at the critical point the densities of li(juid and 
vapour do really become ecjual. 
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Whether the point at which this takes place corresponds 
to the apparent critical temperature. 

4. Whether the apparent critical temperature depends upon 
the conditions — rising or ialling temperature. 

Ho found that the bisecting line was not quite rectilinear, and 
that in order to calculate the mean values of the densities it was 
neces.sary to employ a formula of the type (Chem. Soc. Jour., 
1!)00, 1140), 

!)( = « + //( + rt-. 


The densities of liqui<l and vapour appeared to be equal at the 
critical ])oint. 

With regard to the real critical temperature, it was found 
tliat when tlie sealed-tube method was employed, the formation of 
ini.'^t and stria- was not confined to the critical tem[)erature, but to 
a limited range of temi)erature about ()"2' C. on either side of it. 
Wlien, however, the measurement was made with the pressure 
ajtparatus .so arranged that the volume couhl be adjusted, it was 
possible to determine the critical point to within 0 05'' C., the 
result agreeing within this limit with that obtained from the 
volume curve. In neither case did a rising or falling tempera- 
ture produce a different result. 

A method for the determination of the specific volumes of 
liipiids and of their sivturated vapours has been described by S. 
Young {C/iem, Soc. Jour., 1891, 69 , 37), and has been employed 
by him in the case of organic substances, which are liquids at the 
ordinal-)' temperatures. 

The liiiuid is introduced into a graduated capillaiy tube, 
which is subsecpiently sealed ; all the air is removed by boil- 
ing the liquid iti vacuo. It is necessary to determine the 
volume of the sealed end of the tube at the close of the 
experiments. 

.Suppose that the liquid is contained in a tube in contact with 
its vapour only, and the temperature is raised. The apparent 
expansion is less than the real expansion for the reason that 
gome of the liquid is vaporised. 

If now the upper portion of the tube be kept at constant 
temperature T", and the lower portion at a somewhat lower tem- 
lierature 0", so that the length of the column of vapour heated to 
the higher temperature may be varied, we can obtain data which 
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should be suAicient to enable us to calculate tlie volumes of the 
liquid aud of the vapour. 

Let V., be the true volume of the liquid at T , and r the ratio 
of the volumes of the saturated vapour to that of the liquid at 
the same temperature. 

If in the first experiment the whole tube is heated to T', 
and if is the apparent volume of the litjuiil, and that of 
the saturated vapour, 

(i> v=v;+V'. 


In the second experiment let the lower part of the tube con- 
taining voliiines of licpiid be cooled to $ . Lt^i be the 
difference between and the volume of the licpiid wlien the 
apparatus is heated to 6 , and the observed exj>ansion. 

Tlien since volumes of liquid at 6 till -f volumes at 
T , the total volume of the litpiid would, under the same con- 
ditions, occupy -f volumes. At the same time the 

expansion has causetl some of the saturated vapour to comlense ; 

this will be X- ■ ' ". 

r 

The true volume of the liquid will thu.s be 


'i') 


V-''»V4-V 


two sets of values for V^, V„, and must be ohtainetl. 


From i. an<l ii. we have, 

VffTA. + VJ + V.V',; 
VhV +v,v. 




and for the ratio of the volumes 


r 




\%-V' 


If St and S, are the volumes of one gram of liquid at T" and 
at e' , 


s,= 


V,x.S(, 
V, • 


It is, of course, impossible to maintain the conditions so that 
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consecutive portions of the tube are heated to different tempera- 
tures ; there must always be an intermediate portion, one extremity 
of which is at the higher, and the other at the lower temperature. 
If this length remains constant during Iwth series of readings in 
the second experhnent, the results are not affected so long as a 
cylindrical tube is cmjiloyed. 
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SdU Iill-irV OK O.VSKs IX i.u;un»^ 

Historical — Soluliility ami a\i»oiiition coctlioiciits — rlu'iiiiciil anil jOiysical inclliml.s 

of iiivestijratiou Wincklci ^ i-\|ifrinH'Uls ami rcMilt.'— Kslrcit hcrV tiictiiod. 

of O'u'ii-'t III /.I'/ioW.s. — All known Injuitls, with llu* o\- 
ception of mt-rcurv, ajtpear lo disaulve <fii>cs to a creator or lo‘'S 
In siiino cases, however, the innuitity alworlnal is very 
.small, heavy [>etiijlcuin oil dissolving: oidy a trace nl' atnio.sphcrie 
air. 

In 1803 Henry discovered the law of ahsf>rplion of oases, 
showino that the <iuantily of pis dissolved l>y a liipiid increa.sed 
directly as tiie pie.s.siirt\ In 1S07 Dalton develoi)ed the law 
further, jirovino that the ipiantily of pis dissolved l)y a li<|iiid 
from a mixture deitended upon the partial pre.ssnre of that 
particular gas. 

In 1855 Bunsen carefully investigated these laws, and fouml 
them to hold gocKl in the case of inactive gase.s over considerable 
ranges. Like the gas ldw.s, however, they must only Ikj considered 
as approximating to the truth. Bunsen defined the “ coeflicient 
of absorption ” of a gas as the volume of it, redueeil to Ktaiidard 
conditions, which at any temperature, and under normal pre-ssure, 
dissolved in unit volume of liquid. By means of an iutcrpola- 
tion formula with three coefficients, a =* a + + ct*, it was in most 

cases possible to calculate the a1)sorption coefficient within a 
range of 20 '. 

Becent researches' have shown that little reliance can be placed 
upon Bunsen’s results. 

Winckler (Ber., 22, 1773) draws the following distinction 
between the terms coefficient of absorption and solubility : — 

That volume of a gas (reduced to O' and 760 mm.) which 
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unit voluine of a liriuid dissolves when the total pressure at the 
surface of tlie linuid is 700 min. is termed the solubility, S; 
tliat volume which unit volume of a liquid wdll take up when the 
pn^ssure of the yas at tlie surface of the licjuid, independent of 
the vai)our pressure, f, of the liquid, is 760 mm., is termed the 
coeflicient of absorption, C. 

rhe teniiKTature is taken to be 0 C. in both cases. 

7C0 

The value of p may dill'er liijm tlie true vaiwur pressure of 
tli(! t^as ill contact witli a vacuous space on account of the 
prcsciuce of the oas in the li<iui(l, or for other reasons. The 
soluhilitv or ahsorjition coeflicient i.s not a direct function of the 
coficcntration of the gas in the liiiuid, since contraction takes 
plact! on solution. 

In certain cases, in which chemical combination takes place 
Ijetweeii the gas and the solvent, the laws of Henry and Dalton 
are not rigidly followed. The quantity of carbon dioxide which 
water will dissolve docs not increase in proportion to the pressure. 
When, however, carbon bisulphide is used as the solvent the laws.are 
obeyed within the limits of exiierimental error, and the solubility 
of the gas decreases with rise of temperature (W'oukoloff, C. r., 
1880, 074). 

The relutionshii) between solubility and temiierature and the 
deviations from Henry’s law form jiart of the great problem 
involved in the study of mixed liquids. ISie curves representing 
the change of solubility with temperatu^, for gases under con- 
stant pre-ssure, appear to indicate that for each gas there exists a 
point of minimum solubility, and that the temperature corre- 
sponding to this point is in some way related to the critic^ point 
for the gas. 

The problem has been attacked by Van der'VVaals.Kammerlingh 
Onnes, Kuenen, and others, and the composition of the liquid and 
vapour phase, -the form of tlie isothermals, pressure, etc., for several 
pairs of substances, such as ethylene and carbon dioxide, have been 
iitvestigated over wide ranges of temperature. Dissimilar sub- 
stances, such ns the permanent gases and water, have not yet 
been examined; it would be interesting to know more about 
these phenomena (see p. 225). 
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The following diagram shows the form of the solubility curve 
for the commoner gases. In the case of helium (hlstreicher). 



and also of hydrogen ( Bohr and IJock), the solubility of the gas 
first decreases with fall of tempeititure and then increases. 

Bohr {Wicd. Ann., 18t>7, 62, 044) has shown that the 
relation liCtween the ab-sorption coetticient and the temperatures 
can be expressed by the equation. 



where C is the absorption coefficient, T the absolute temperature, 
and n and K are constants dependent on the nature of the gas 
and liquid. The formula is based upon the theory that the 
pressure of the gas at the surface ^of the liquid should be 
in equilibrium with the osmotic pressure of the gas in solution ; 
the latter would remain constant if the quantity of dissolved 
gas varied inversely with the absolute temperature. The 
following results indicate the order of the agreement between 
experimental results and those re-calculated by means of the 
formula : — 
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Oxygen (Bobr and Bock, p. 261). 


Temp. 


Found. 

Calculated. 

O' 


0*0496 

0*0493 

10 


390 

386 

20 


317 

317 

30 

a 

268 

269 

40 


233 

234 


Winckler P/ii/s. Uhfin., 9, J 71) has pointed out that the 
percentage change in the •value of the absorption coefficient 
between 0 +20 C. is proportional to the cube root of the 
molecular weight of the gas. This has obviously no direct 
physical .significance. 

From the practical standpoint the determination of the 
solubility of a gas in a liquid presents considerable difficulties. 
In' the first place the temperature of the whole apparatus must 
be ke])t constant during the whole e.Yperin)ent, and unless the 
apparatus can be shaken the time required to establish complete 
equilibrium between the solution and the gas is considerable. 
Kurtiier, both the gas and the liquid must be absolutely pure, 
and the volumes and pressures must be accurately measured. 

]\lethods for the determination of the solubility of gases fall 
under two headings : chemical methods, in which the quantity 
of a gas dissolved in a liquid under definite conditions of 
temperature and pressure is estimated by some chemical process, 
usually by titration with a standard solution; and physical 
methods, in which the volume of the dissolved gas is accurately 
measured. 

In only a limited number of cases can chemical methods be 
employed ; and as special methods must be applied in every case, 
the subject cannot be treated generally. In some cases the results 
obtained by chemical methods serve as a valuable check on the 
results obtained by physical methods ; this is particularly im- 
portant w'hen, as in the case of oxygen, the results obtain^ by 
different experimenters differ considerably. 

Winckler (Ber., 22, l76f>) determined the oxygen dissolved 
in pui-e water saturated under known conditions of temperature 
aftd pressure, by treating the solution with manganous chloride 
and caustic soda in onler to absorb the oxygen, and subsequently 
titrating the iodine, set free on addition of potassium iodide and 
hydrochloric acid, by sodium thiosulphate. The values obtained 
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by this method agreed with those obtained by the vohunetrie 
method. 

C'hemu’nt niothoil. inuthml. 

WinckUr. WinokliT. HiiiHfii 

Absorption coefficient 0 ... •()4v‘<l>0 *04114 

,, „ 20 *03103 *03102 02S3S 

30 •oi>(510 •02008 


This indicates that AVincklefs results me most })rol>ahly eoireet. 



Since 1S91 Winckler 1ms pub- 
lished the results of his iiivosti^mtioiis 
with regard to the solubilities of the 
commoner gases in water. As has 
already been i>ointed out/the check 
afibnletl by close agn*ement between 
the results obtiiineil for oxygtui by 
chemical and by j>hysieal metluMls 
j>oiiit to the accuracy of his work. 

The glass vessel o was tilled with 
distilled water, and tin* water was 
made to hoil until about one-fifth has 
evaporated, Whih? the steam was 
still issuing from the h>wer eml, tlie 
tube vva.s jdugged by means of a inl»b<,*r 
stopj>er and the ai>j»aratus was eonliMl 
and weighed in order to determine 
the weight of the water. 

The bull) was placed in a large 
water thermostat so that only the lowtu* 
end of the tube ])rojected at the botimn. 
A second bulb h was also placed in 
the thermostat so that the vertical 
stems lay close to one another ; tin* 
second vessel contained only a small 
quantity of water and was intended 
Xa) serve as a barometer. The volumes 
of both vessels had been determined, 
and the vertical sterns were graduatkl 


ill millimetres. 


The stoppers wliich closed the lower ends of the vertical tubes 
were removed below the surface of mercury in a basin, and it was 
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poHsible to determine whether the air had been completely 
removed by comi>aring the heights of the columns of mercury in 
the two tubes. It may be pointed out that the weak point of 
the method lies in the ditticulty of comidetely replacing the 
whole of the aii' in tlie bulbs by steam, and subsequently of 
determining the pressure of a trace of air by reading the baro- 
metric height. 

Definite quantities of gas were then introduced into the 
ab8ori)tion-bulb and pressure-gauge from a calibrated syphon 
pipette. The presence of gas in the barometer served to eliminate 
errors due to the change of vaiMJur pressure of the liquid in 
])resence of the gas ; the quantities of gas introduced were such 
that the pressure was the same in both vessels. 

The lower ends of the two vertical tubes were then connected 
by rubber tubes to two mercury reservoirs ; the pressure on the 
gas was raised to somewhat over atmospheric pressure, and the 
apparatus was allowed to stand at constant temperature for some 
hours in order to establish equilibrium between the liquid and 
the gas. The measurements of pressure and volume -.were then 
taken. 

The actual method of n)easurement was as follows : The 
pressure on the gas in vessel h was adjusted so that, whatever 
might be the temperature, it was practicallj' the same in each 
experiment. From the observed volume and pressure, and from 
the volume of the dry gas originally introduced, it was possible 
to calculate directly the vapour pressure of the solvent. A small 
correction was applied for the absorption of gas by the water 
contained in the bulb. Tlie pressure and volume of the gas in 
the absorption tube was measured at the same time. Tlie 
pressure on the gas in the latter was corrected for the presence 
of water vapour, on the assumption that the deviation from the 
pressure of the vapour in a vacuous space is proportional to the 
pressure of gas. This assumption appears to be justifiable, since 
the deviation and range of pressure are both small. At tempera- 
tures above 50° the deviation amounted to a few millimetres, 
apd consequently, if it were not corrected for, it would produce 
a considerable error in the calculation of the absorption co- 
efiBcient. 

The following results were obtained : — 

Oxygen {Ber,, 1891, 3609). 
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The coeflicients are stated for tvtry (hgree between 0 and 
100 ; only alternate values between 0' and 34 are given here. 


0 “ a 

004890 

18 C\ 

003220 

2 

4633 

20 

3102 

4 

4397 

22 

2988 

6 

4181 

24 

2881 

8 

3983 

26 

2783 

10 

3802 

2S 

2691 

\2 

3637 

30 

2608 

14 

3486 

32 

2537 

10 

3347 

34 

2471 


Nitrogen 1801, 

The values are also given between 0 and 100‘ 


(r (\ 

<»‘02348 

18 C. 

00 1594 

2 

2236 

20 

1 54 2 

4 

2130 

22 

1496 

6 

2032 

24 

1452 


1941 

26 

1411 

10 

1857 

28 

1374 

12 

1782 

30 

1340 

14 

1714 

32 

1304 

16 

1651 

34 

1270 

ydrogen {Ber., 1301. 00). 



0 c. 

00214S 

18 (\ 

0-01844 

2 

•21 OS 

20 

1819 

4 

i064 

22 

1792 

6 

2025 

24 

1766 

8 

1»«» 

26 

1744 

10 

1955 

28 

1720 

12 

1925 

30 

1699 

14 

1897 

32 

1685 

16 

1809 

* 34 

1672 

Carbon monoxide (ZnL Phi/n. 

Chcm., 9, 


Measurements are given between 0 ' and 60^ 


0' c. 

003537 

20^ C. 

0*02319 

5 

3149 

25 

2141 

10 

2816 

30 

1998 

15 

2543 




Bohr and Bock {WiaL Ann., 1891, 44 , 316) have also 
determined the co-ethcients for the commoner gases by a method 
similar to that employed by Winckler: the results differ some- 
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what from those already stated. Tliey obtained the following 
values for the absorption coefficient, which are stated in the 
original ])aper for every degree l)etween 0' and 100 ' C, : — 
Oxygen. 


0 c. 

0*04001 

10" C. 

003425 


4720 

18 

3292 

4 

4400 

20 

3171 

0 

4280 

22 

3059 

8 

4080 . 

24 

2954 

10 

3003 

20 

2855 

12 

3732 1 

28 

2762 

14 

3573 

30 

2670 

llvdrogen. 

*/ O 

0 c. 

O-0203 

40 C. 

0*0152 

4 

108 

50 

146 

8 

102 

60 

144 

12 

187 

70 

146 

10 

182 

80 

149 

20 

177 

90 

155 

30 

103 

100 

166 


Kstreicher {Zeit. r/ii/n. Chem., 1899, 31, 176) has describeil a 
simple apparatus for the determination of solubilities of gases in 
liquids. The liquid partially fills a globe of known capacity 
which is exhausted and weighed. The globe is sealed to a spiral 
tube of capillary dimensions, which connects it with a burette 
containing the gas so that the globe can be shaken. After 
exhausting the coimectiug-tube, the gas is admitted to the globe, 
and the absorption is determined by measuring the decrease in the 
volume of the gas and from the known capacities of the globe 
and connecting-tubes. The whole apparatus is contained in an 
Ostwald thermostat. He determined the solubilities of argon 
and helium by means of it. 
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General — fclx|H*iiiueiiUs of DMaiwlu- and ll' iard — Kx|»eriiiu‘nts and iv- 

snhs of Rt j»nault and K. Wiedemann — Witkijwski s invest itj.it ion of tlio speejfjo 
heats of ^ases at low teinjMTatuivs — The s|MMMtie heats of ^ases at eonstant 
volume— JolyV ex|*t‘rinu*nts'» — The ratio tif the speeitie lieats. 


The specitio heat of a substance is lietined as the (juantity of 
heat required to raise tlie temperature of unit mass of it one 
degree. In the case of gases, however, this ((nantity varies 
according as the heating takes place at constant pressure, or at 
constant volume. 

The determination of the specific heat »»f a gas at constant 
pressure is theoretically simple. The gas, heated to a definite 
temperature, is passed in a continuous stream through a spiral 
tube immei-sed in the water of a calorimeter. Tiie specific heat 
is calculated from the mass of the gas, from the thcrnial cajweity 
of the calorimeter, and from the rise of tem]>erature during the 
e.xperiment, or in some cases by regulating the conditions until 
the heat supplied to the calorimeter by the gas exactly com- 
pensates for the heat lost by radiation and conduction. The 
latter method possesses the advantage that, since the fall of tem- 
perature in the gas does not vary throughout the experiment, 
variations of its specific heat with temperatures need not be 
taken into consideration. 

So far no successful attempt has been made to determine the 
specific heat of gases by measuring the rise of temperature pro- 
duced when heat is supplied to them. A method similar to 
that employed by Callendar {Bi'U. Asm. 1899) in determining 
the specific heat of water, might he applied to gases with a view 
to determining the specific heat with very small quantities. It 



CJIAP. XIX 


SPECIFIC HEATS 


263 


might be possible to circulate the gas through the apparatus hy 
means of the arrangement described on p. 101, and to measate 
the rate of flow of the gas by passing it through a tube con- 
taining water maintained at a constant temperature, and then 
through weighed tubes containing an absorbent for water. The 
vapour pressure of the water, the pressure on the gas, and the 
increase of weight in the tubes, would give the rate of flow of 
tlie gas. 

The first attempts to determine the specific heats of gases by 
Laplace and I.avoisier, Dalton, Gay-Lussac, and others were, for the 
most part, indirect, and based upon theoretical notions with regard 
to the gaseous state. In 1813 Delaroche and Berard determined 
the thermal capacities of a number of gases by passing a current 
of the gas, heated to a know’ii temperature, through a coil im- 
meise<l in a calorimeter. 

The gas was contained in a bladder (Fig. 119), which was 
attached to a tube leading to the heating ap- 
paratus and coil. The bladder was enclosed in 
a glass vessel, which was connected with a 
small gasholder, so that air could be forced 
between the bladder and the walls of the 
vessel, increasing tlie pressure on the gas con- 
tained in the bladder. The gas from the 
bladder passed through a tube surrounded with 
steam, then through a glass tube containing a 
thermometer, through the coil immersed in the 
calorimeter, and was received in a second bladder similar to the 
first. By an arrangement of taps and tubes the gas could be 
made to pass from the second bladder to the first, following 
the same course through the heating apparatus and calorimeter. 

The specific heat of the gas, with regard to air in one set of 
experiments, was calculated from the temperature at which the 
heat supplied by the gas and by conduction became equal to the 
heat lost by radiation. 

In a second set of experiments the calorimeter was cooled to 
2"" below the temperature of its surroundings, and a current of 
gas was passed through the coil till the temperature had risen 4*". 
The w'eight of any gas required to produce this effect bore the 
same relationship to the weight of air required to produce the 
same rise of temperature, as the specific heat of the gas to the 
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specific heat of air. The absolute specific lieal of air was also 
determined. 

The experiments were conducted with the greatest care, but 
probably, owing to the ditheulty of determining with accuracy 
the quantity of gas employed, the results are of little value. The 
result obtained for the specific heat of air between and 100 
is more than 10 per cent higher than that obtained l»y Ivcguault. 
Further, this result indicated that the specilie heat of air iiicrease«l 
rapidly with rise of temperature, and that althougli it increased 
with rise of density, it did not do so in like luoporiions. l»otli 
these conclusions were shown by Itegnault to be I'alse. 

^ The results obtained by Kemiault for the specific lu'ats of air 
land the commoner gases are ]>robably the im>st aecuiale thai 
lhave yet been published. His researches, carried <»ut in the early 
forties, are described in volume xxi. of the t/e FArtnh^nnt* ; 

the principal results are stated in a papt*r in tlie fnmjffrs rrndfffi 
(1853, 36 , 6T6). 

The gas to be examined was compressed into a strait eo])pt*r 
vessel holding 30 litres: the temperature of the vessel was main- 
tained at 0", and the volume of gas was dtuluctvl from the initial 
and final pressures, which ranged from i) to metres of mer- 
cury. The ga.s escaping from the reservoir thiough a valve, 
regulated by means of a micrometer screw rr, entered a jdatinum 
spiral b 8 cm. in diameter, and 10 metres long, maintained at 
a constant and definite temperature. In order to maintain a 
constant current of ga.s, a mercury or wa ter man ometer was 
interposed between the valve and the coil ; the pressure in the 
manometer was kept constant during each experiment 

The end of tlie long platinum coil, which was usually heated 
in an oil -bath, passed out througli the side of the jacket on 
which it was enclosed and entered the side of the calorimeter. 
The connection was made by means of a piece of glass tube 
imbedded in cork, in order to reduce to a minimum the (|naiitity 
of heat entering the calorimeter by conduction. The calorimeter d 
consisted of four flat brass Ixjxes placed one above the. other, and 
divided internally by spiral strips, so that the gas was compelled 
to pass from the middle of one box to the outside of the next, 
and vice versa. 

Separate experiments were performed to determine whether 
the temperatures at which the gas left the spiral and the calori- 



SPECIFIC HEATS 


265 


MX 

meter cUnurud appreciably from the temperatures of the spiral 
and culoriineterH themselves. 

Tn order to determine the specific heats of gases under pres- 
.sure, the gas which e.saiped from the calorimeter passed into 



pressure might be ivgulated. 

In calculating the result, the volume of gas was obtained 
from the initial and final pressures in the reservoir, taking into 
consideration the deviations from Boyle’s law as already deter- 
njined (p. 162). The mass of the gas was obtained by dividing 
the volume by the density determined experimentally (p. 125). 
The errors in Kegnault’s density determinations only amount to 
one part in four thousand, and do not appreciably affect the 
final result 
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When the gas was not passing through the calorimeter, the 
latter continued to gain heat from three sources : — 

(i) By convection; this was ]»ractically projwrtional to the 
(T— 0), the difference of temiteniture between the calorimeter 
and the coil. 

(ii) By radiation. 

(iii) By conduction. 

(ii and iii) liave jn'actically a con.stant value, which may he 
represented by a rise of temperature of /.■ in unit time. 

The rise of temperature in the calorimeter was olwerved for 
ten minutes before the giis was admitted. K.'ci)re.'5.sing the rise 
of temperature per minute l>y Aft. 

l. AO ^ A T,. - 4- /.-. 

where A is a constant. 

The gas wa.s then admitted tt,> the ajtparatus, and readings of 
the temperature of the calorimeter and of the heating-batli were 
taken at the end of each minute. When the currimt of gas \v;is 
stopped the change of temjierature of the calorimeter was again 
observed for ten conseetttive minutes. 


.'2,' A0, = A.T, - 0,) + /.'. 

The values of A and k can l)e determined from tliose two eijua- 
tions, and applied to the calculation f>f the total disturbance iluring 
the erjuation. 

AG + A0' + etc. = A'T s T + . . .T" - 0 - O' - ...(>«; + „k = r. 


This value must be subtracted from the total lise of temperature 
in the calorimeter, in order to calculate the heat conveyed to it 
by the gas alone. If T is the temperature of the coil, .since the 
temperature of the calorimeter rises steadily from 0 to O'*, tiic 
heat lo.st by the gas is e.xi>ressed by 


Wevj^T- 


(O + O’')! 

“2 J’ 


and the heat gained by the calorimeter 

C(e»-0-.f), 


where W is the mass of the gas and its specific heat, and C is 
the thermal capacity of the calorimeter. 
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The following results were obtained for the commoner gases — 


Oxygen . . .0*2182 

Nitrogen (atnioBjilieric) 0*2440 
Hydrogen . . 3*4046 

Carbon dioxide . j ^ . 0*2164 


Nitrous oxide . 
Nitric oxide 
Carbon monoxide 
Ammonia 


0*2238 

0*2315 

0*2479 

0*5080 


The probable accuracy of Itegnault’s results are indicated by 
the exactitude of the results of his investigation of the effect of 
temperature and pressure on 'tlie specific heat. 

In the ease of air the specific heat was found to be constant. 


Tern i>erat lire. 

- 30 ^ 0 + 10 ' 
4 - 10“ „ 100 ' 

-f-100',, 225" 


Specific Heat of Air. 
0*2377 
0*2379 
0*2376 


III the ciise of carbon dioxide the specilic heat varied with the 


temperature. 


Temperature. 


Specific Heat of Carbou 
Dioxide. 


-30"to+ 10“ 0*18427 

-I- 10' „ +210“ 0*21692 


The results obtained for the thermal capacities of air over wide 
ranges of pressure are equally accurate. 

R Wiedemann (Payy. Ann., 1876, 167 , 1) has also deter- 
mined the specific heats of a number of gases chiefly with a view 
t(» investigating the relationship between specific heat and 
temiierature. The results agree fairly closely with those obtained 
by llegnault, hut there is no reason for assuming that they are 
more accurate ; the differences occurring in individual sets of 
experiments appear to be of the same order. 


Specific IIkat op Air 

Highest. Lowest. Mean. 

Regnault . 0*2389 0*2354 0*2374 

Wiedemann 0*2414 0*2374 0*2389 

The gas was heated in passing through a copper cylinder 
tilled with copper turnings and enclosed in an oil - batli ; the 
calorimeter consisted of three small cylinders connected in series 
and contained in a vessel filled with water. The quantity of 
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water in the calorimeter was only one -tenth of the (luantity 
employed by Kegnault. 

The gas was contained in a rubber balloon holding HO 
litres, which was enclosed in a large glass jar after tlie manner 
of D61aroche and llerard. The jar was connectwl with a 
gasholder standing on a weigh - bridge capable id' indicating a 
difference of o grams. The wliole arningement is decidedly 
weak, but although errors might have l«*en introduced throiigli 
inaccurate determinations of volume, anil diffusion of gases like 
ammonia and carbon coni[amiuls tlirougli the rublter, tlie total 
discrepancy cannot in all cases be accounted for in this way. 
Further, if the gas diffused through tlu* rubber the result would 
he too low ; in the case of carbon dio.vide and air flic reverse is 
found to be the case. 

The character of the difference varies in the case of different 
gases, as will be .seen in the following table 



Afr. 


rarlKiti ; 

Tai liMii MottoMilf 

Rc‘;(nault 

0*j:i75 

:M1o 

0-2024 (10 -100 ), 

0-2170 

Wiedcfiiaiin , 

o*2a>o 

3 40 :> 

0-20.S8 (l.V -03 ) ' 

' 0-24 26 

A . . . 

rO-OOn 

~ 0'005 

' r 0-0064 ! 

1 -0-0053 

A ct'nf 

t OG 

-01 53 

, “^O-O j 

-20 


Tlie irregularity of the differences would preclude the 
jiossibility of the errors lieing due to inaccuracies in the deter- 
mination of the thermal capacity of the calorimeter. 

In the case of air and hydrogen, ga.ses in which the specific 
heat does not vary with temperature, the difl'crenccs are small. 
The discrepancies in the case of carbon inono.xide and dio.xidc 
are, however, considerable, and it is po-ssible that the error may 
be due to the fact that the methods of calculation whicli were 
employed did not express with sufficient accuracy the loss of 
heat sustained by the gas in raising the temperature of the 
calorimeter. 

Wiedemann attributes the difference in the cose of air to 
inaccurate determinations of temperature on the part of Kegnault. 
In the face of the close agreement between the results obtained 
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f(iT the specific heat of air at different temperatures by the latter 
tliis is hardly possible. It is probable that Ifegnanlt’s result for 
the specific heat of air is the more accurate. 

The recent determination *of the specific heat of air at 
constant pressme by Witkow.skL fPA//. Mag^ 1896, 42 , 1) tend 
to confirm the results obtained by lleguault. His method 
dilfercd little from that of the latter, but his experiments were 
coiulncted over a range of temperature between +98''' and 
— 1 70 C. ; licpiid oxygen afid ethylene were used as refrigerants. 
The air was compressed i«ito small metal cylinders which were 
weighed before and after each opei'ation ; as much as 40 grams 
of air was used in some of the experiments. This method elimi- 
nates the error involved in correcting for the compressibility of 
the gas and for the expansion of the vessel in which it is inclosed. 

In order to determine the temperature of the gas at the 
|)oint at which it entered the calorimeter a thermo-electric 
junction was employed. The wire was surrounded by a metal 1 
tulxi in contact witli the gas, and through which a current of air 
from an indei)endent source was circulated. The temperature of 
the calorimeter was determined by means of a mercury thermo- 
meter, and the temperature of the heating or cooling chamber 
containing the coil by means of a hydrogen thermometer. 

In making an observation the temperatures of the calorimeter 
and of the coil were detennined during each minute of the 
experiment. After ten minutes from the commencement, the 
cock of the cylinder containing the air was opened, and the air 
was allowed to flow at a constant rate through the apparatus ; its 
temperature was detennined at the end of each minute. When 
the cylinder was empty the cock was closed, and readings of the 
temperature of the calorimeter and of the coil were i^iu taken 
during the succeeding ten minutes. 

With the aid of the determinations of the temperatures of 
the coil and of the calorimeter a curve was drawn showing the 
variations of the temperature of the latter. The curve consists 
of three nearly linear portions ; the mean slope of the first and 
last portions, representing the heating or cooling effect while the 
air was nut passing, was token as indicating the external 
heating or cooling efiect during the principal period of the 
experiment. 

The results obtained at atmospheric pressure are os follows: — 
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Between + 98' and + 20 

0-2372 

n “ * »» + 1C>‘ 

0-237-1 

„ -102* „ +17 

0-2372 

-170 „ +18 

0-2427 

Regiiaiilt obtained the value 

0-2374 


Whether the incn'ase of the sjH'oitic heat at — I 7 (• is ilue 
to change of temperature alone remains umletermined. It is 
probable that it may in some degree be due to variations in 
the pressure, which should have a considerable intiueuce at low 
temperatures. 

It still remains to determine the specific heats of gases like 
carbon dioxide, which vary considerably over small range.s of 
temi»erature. It is obvious tliat the method employed should be 
one in which a cunvnt of the gas is heated or cooled through a 
definite range of temperature, in order ti> eliminate errors which 
may be introduced through the gradual increase of temiierature 
fof the calorimeter, and which cannot be corrected for with 
certainty. 

, The SpEctFic He vt at (.’o.nstaxt Volume.- - The s|«*cifie heats 
'^o{ gases at cun.stant volume have lajen experimentally determined 
by July {P/iil. Tr>nt.% 1891, T.”- ; 1H!>4. 94:!, 9(il). .lolv's 
method involved the use of the .steam calorimeter in which the 
heat capacity of a substance is delcrmincil in terms (d‘ the latent 
heat of steam, by measuring the amount of water condenseil on 
its surface. 

Two gloljes, spun from one j)iw(! of gun-metal and closeil by 
mcan.s of screw-down cocks, were sus[iended inside a steam- 
chamlter by wires connected with the pans of a balance. The 
steam-chamber was jacketed so that the initial tem|>erature of 
tlie glfibes could be accurately controlled. Ejich globe was 
provided with a catch - water or inverted cone of platinum 
suspended below it to receive the water produced by condensa- 
tion of the steam. The suspending wires were surrounded, at 
the points at which they passed outside the steam-chamljcr, by 
coils of platinum wire heated by means of an electric current. 

The masses and dimensions of the globes were first so 
adjusted that when steam was admitted to the chamber the same 
quantity of water was condensed upon each of them, indicating 
that the total heat gained was the same in each case, and 
that errors due to radiation and conduction were eliminated. 
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One of the {{lobes was then filled with gas under known con- 
ditions of temperature and pressure, and both were replaced in 
the chanil>er and ijalanced one against the other. Steam was 
then admitted, and weights were placed on one of the pans of the 
halaiiee to compensate for the excess of water condensed on the 
globe containing the gas. 

If and d„ are the initial and final temperatures of the 
glolje, L the latent heat of steam, and W is the w'eight of water 
condensed in raising the tempemture of y grams of the gas from 
dj to 6.,, and ( ' the si»ecific heat of the gas, 

supposing that no change takes place in the volume of the globes. 
It was, liowever, found necessary to apply corrections for the slight 
difference in tlie thermal capacities of the globes ; for their 
thermal expansion and dilation under pressure; and for the 
cliange of buoyancy produced by exi)ansion. The slight errors 
line to the thermal effect produced by expansion and to leakage 
co\dd be neglected. 

The IUtio of the Specific Heats. — Within the limits of 
Jioyle’s law the ratio of the specific heats at constant pressure 
and at constant volume should have a detinite value for each gas. 

The ratio of the specific heats was first determined by 
Clement and Dcsormes in 1819 in the following manner. A 
globe fitted with a large stopcock, was in communication with a 
water manometer and an air - pump. ’ The globe was exhausted 
so tliat the water rose a few centimetres in the manometer, the 
air-pump was disconnected, and the tap was opened for a moment 
and close«l again. When the tap was opened air entered, ahd 
the air already iii the globe was compi-essed, with consequent rise 
of temperature. 

If B is the barometric pressure and (B the initial pres- 
sure in the globe, on opening the stopcock volumes of gas are 
compressed to volumes where 

(1) (B-Pi)'\V=BV/, 
the process being adiabatic (p. 185). 

• On cooling the prassure becomes (B— and since the 
volume of the gas in the globe is scarcely altered by the change 
in the position of the liquid in the manometer, 

(2) (B-i>s)V3 = (B-p,)V,. 
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CombiniHs ecjuations (1) and (2), 

log • B - - log (B - p^) 

For small difierenees of pressure. 



The originators of the method obtainetl the number l’:>r>4 
tor air; the true value lor the ratio is pnd>{il»ly L40r). the value for 
the constant obtained by Udiitgen by this method (A>////. Ann,, 
187 : 1 . 200 ). 

The difticulty of obtaining gooil results by this method lies 
in the fact that, on account of the great difference btitween the 
thermal capacities of the gas and of the walls of the glass globe, 
the outer layers become ccnded immediately, and the value of p 
is always low. It has, however, been applied in a motlilied form 
by liontgen to the determination of the i*atio for air. 

Although the method of Kundt and Warburg for determining 
the mtio of specific heats from the velocity of sound in the gas 
gives excellent results, it is based upon the supposition that the 
velocity of souml is a direct function of the ratio of the specific 
heats. This is highly probable ; but as important theoretical 
conclusions are based upon the value of the ratio in the case of 
tlie so-called monatomic gases it will liave to be investigated. 

Callendar has employed the platinum resistance thernunneter 
to measure the actual temperature of the gas. The platinum 
wire is made very short, and a compensating arrangement is 
introduced to eliminate heating effects in the leads. 

The method of Kundt and Warburg is that usually employed 
in determining the ratio of the specific heats of a gas. 

The velocity of a sound in a gas is expressed by the equa- 
tion 



where v is the volume occupied by mass in under a pressure p, 
and k is the ratio of the specific heats. 

Now since within the limits of Boyle's law is a constant 
» T 

for all gases, and ~ may be expressed by where d is the 
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density of the gas under uornial pressure, and atf the absolute 
teini)erature T, tlie relative velocity of sound in two gases is 
given by the e»[uation 

/<nr 

'J'he relative wave-lengths of sound of the same pitch in 
the two gases may he obtained by substituting In for ti in the 
preceding equation • 

I __ /im' 

tUiT' 

The ajiparatus employed by Kundt and Warburg is shown in 
Fig. 121. The tube A is about CO cm. in length, and has an 
internal diameter of about 7 mm. The rod 11 passes through the 
closed end of the outer tube so that it projects for the same 
distance on each side of the junction ; it may be sealed into 
position or fixed by means of a piece of rubber tube. The end 


Fi«. 121. 

of the rod wdncli lies inside the tube should be somewhat 
llatteuetl. The rod should be 7 mm. in diameter, and the walls 
of the tube 1 *5 mm. thick. 

Tlie tube is made narrow at the open end and is connected 
both to the pump and to the apparatus for introducing the gas. 
The connection is usually made by means of a piece of rubber tube 
which can be closed by a screw clip so as to produce o,n echo. If it 
is necessary to seal the whole apparatus together the echo may be 
produced by placing a piece of glass rod about 2 cm. long, and 
of nearly the same diameter as the tube, inside the tube ; this 
can be moved about till the best result is obtained 

When the rod is rubbed the longitudinal vibrations set up in 
it are transmitted to the gas, and in order to record the positions 
of the nodes and antinodes, the positions of maximum and 
minimum disturbance, a small quantity of light powder is placed 
ill the tube. The powder gathers in little heaps along the len^ 
of the tube ; the distance between two consecutive heaps is one- 
half wave-length. 

Lycopodium powder may be used for inactive gases ; it must 
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be previouslj^ dried in a desiccator and the tube must be very 
thoroughly cleaned and dried before it can be introduced. • For 
chemically active gases preeipitated (piartz may be used ; j)re- 
cipitated silica containing a little sodium cldoride wliieh luul lieen 
fritted ill the blowpipe llame and subsequently ground in an agate 
mortar was found to give better results. 

After introducing the gas and closing the rubluu’ lube, th(‘ 
tube is tapped with a knife so that the ]»owder lies iu a line 
along the bottom. The tube is then ‘turned slightly on om^ side 
and held liniily, while a ]dece of cottcui wool, tlipjied in alcohol 
and s(pieezed dry, is drawn lirmly along tlu* rod. The iq»eriitiou 
is repeated until a satisfa(‘torv series of readings can be obi.iined. 

Tlie value of A. is usually obtained by reading off tiie 
j)Ositiuns of the three extreme hea)>s of )>()wder at eai'h eiul of 
the tube and counting olV ilie internnnliale on(‘s. The readings 
are taken hy reference to a silvered glass s(‘ale placc'd ludow the 
tube. 

In dealing with a gas iif th(‘ density of air no tlillirully is 
experienced, but witli light gases sm-b as helium fu* m‘on it is mU 
easy to obtain good ivsnliH. In the case of belinni, at lea'^l .^ix 
tubes were tried before one wa.^ fiuind with which readings could 
lie obtained. Tlie diilieulty lies in the .small mass o|‘ iht* gas 
which is ineapahle of moving the particles of }»ow<l(‘r. Waves 
appear to he fornied, hut they are, projiagaled tluougli the glass 
iind not through the giis ; ** gla.ss- waves may be iH*eugui.scd hy 
the spiral appearance of the dust-heaps to which tli(*y gi\’(» 
rise. 

After determining the wave-length of sound iu the gas, air is 
introduced, and the e.xperiment is reiieated. Tin? two results are 
strictly comparable, as the fumlamental note given )»}' the glass 
rod is independent of external conditions. I'he value of tluj ratio 
of the specific heats for air has been found by IJdntgen to be 
1*405 ; its probable v>dtie is 1*408, that obtained from the 
velocitv of sound in air, the mean of the best determinations. 

The temperature may be determined by means of a ther- 
mometer placed beside the tube on the glass scale, or the tube 
may be enclosed in a water-jacket. 

If it is intended to determine the absolute velocity of sound 
in the gas from the vibration frequency of the glass rod and tlie 
wave-lengths, it is necessary to apply a correction for the retard- 
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iitioii procliKjed by tlie tul>e. Kirchoft* (Pogfj. Arm,, 1868) gives 
the following formula for the eorreetion, 

wlieie 0 is the velocity of .sound through a large space, and a is a 
eonstiint, ii function of the viscosity and conductivity for heat of 
the ga.s. 

Welister I.ow Ami., 1804, 682) has verified this 

equation in the ease of air. The (correction is small, and woald 
nearly disai)]>ear in determining tlie velocity of sound in one gas 
l)y (*om])arison with another. 

Q 

The limit in;/ vnln^ia (ff the ratio 

• Kor a ])erfect gas the translational energy of the molecules 
may lu* tixj)ressed by .V ninnr, where ni is the mass of a molecule, 
it th(5 number of molecules in unit volume, and u their mean 
V(‘lo(*ity : and if the teauperature be raised through one degree the 
eliange in kinetic energy of the molecules may be expressed by 

nl n- 

If is tlie .specific heat at coirstant volume, 

'1) ‘^v=y.f + Ej, 

where is the energy absorbed in doing internal work. 

Hy oiuploying the thermodynamic cycle on p. 185, it was 
found tliat 

{'■ 1 ) t y, — C,. = rj,- • 

The niimber of impacts of a molecule moving with mean 
velocity ii on the w'alls of a cubical vessel of unit volume will be 

per second, and since the impulse is represented by 2 mu, and 
since the total pressure is eqixal to the product of the two. 

total pressure = JBM- ; 

of since one-third of the molecules may be supposed to move m a 
direction parallel to each axis of symmetry. 
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where p is the pressure ou unit area ; aiul if we consiiler the 
volume of unit mass, 

Substitutinu the value oi pr in equation (LM, 






tv - ..T + aT-*-' 


From ( 1 ) and { 4 ). 


5 M- 

- ,j, + K. 


n f/- 

« T ^ ' ■ 

0 I f/“ 




H 


For a monatomic uas within the limits of ihe simple ; 4 as- 
e(|uation E = 0, hence 


.*> 
<’ 3 


~ 1 0f>7. 


For a polyatomic (tas the value of K hecoines eoiisideralile, ami 
the value of the ratio apprwiches 1, For a diatomic jias its value 
should he I '400. 

These limiting values have been assigned to tla; latio within 
the limits of the gas-equation only, and cannot Ije extended to 
highly compressed gases. Capstick {Phil. Trans., 1895, 180a, 
572) and llamsay, Perman, and Hose-Innes (Phil. Tmn.'i., 1807, 
189, 167) have investigated a number of comidex substances, 
and the latter have formc<l values for the ratio in the case of 
either as high as six units. Witkowski {Phil. May., 1896, 42 , 1) 
and Messrs. Baly and Donuan measured the velocity of sound in 
the commoner gases and found that the value of the ratio suffered 
but little variation over wide ranges of teniperatnre. 

I>ove {PhU. Mwj., July 1899) has pointed to an interesting 
connection between the value of the ratio for the perfect gas and 
the Jottle-Thomson effect, the latter expressing the deviation from 
the simple gas law. Taking the value for a perfect diatomic gas 
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to lie I ’400, lie calculates that under normal conditions its value 
for air should be I 40 4 : this is probably close to its true value. 

T.uile 

/••. . k. 


Air 

1-4053 (Hontj'cn; 

Hy«lroj'eii 

. 1-414 

jt 

1*4053 (Wiilner) 

Nitric oxide 

. 1M04 


141(»G (KavHir) 

(Jarljon monoxide 

. 1*411 

?» 

1 *4 1 f Jamin ainl Ricliai**!; 

(,'arbon dioxide 

. 1-264 

Oxygen 

1-408 

Methane 

. 1-269 

Nitrogen 

1-414 

Argon, Helium, etc. 

. 1*66 




i 'll A VTVAl ‘ XX 


KFirsiON, TI.*AXs!*ll{ATlnX, AX1» hlFir^-InX 

Till*: stiiJy of the plieiionu'na wliieh ar<‘ jjjnnipuil in llnV 

chapter involvcfi a eoiisitlerable kiHAvliMiijjo oi iiiiillM*inalieal 
physics. A (Mnnj^lcle are«nint the num» important llieori'tical 
and exi>oriniental invovstigiitions connected with them will l)t‘ 
found in 0. K ^leyers work mi the Khitflr Tluvrij of I 

Imve only treate<l the subject superficially. 

The rate of effusiyu,. of jjasjis has recently bet*n madt* the 
subject of an investigation by K. <i. iJpiilUiU : the following is a 
short abstract of his memoir (Phil. Mag,^ liKjtt). 

It was first observed by L(\slie in 1804 that rate of ll«»w of a 
gas through a small aperture was conneetetl with its density. In 
1820 C. <r. Schmidt de(luc(?d from his experiments the law, 
which was afterwards, in 1840, rediscovered by (Iraham, that the 
rate of efHux was inversely projiortional to the s<|uare loot <jf the 
density of the gas. Taking the time requiretl for the passage of 
a certain volume of the gas, 


where p is the density of the gas. 

In 1839 Saint- Venant and Wantzel proved experimentally 
that the efflux was independent of the external pressure: this 
phenomenon was subserpieutly rediscovered by (irahaiii, Him, 
isapier (1867), and Wilde (1886). The latter obtained an 
equation expressing the adiabatic efHux of thti gas based on the 
assumption that the pressure at the vena contrada is equal to 
the external pressure ; and observed that this e([uation leads to 
an absurdity when the external pressure is zero. 
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Graluuii's experiments slK»wecl that wlien the diameter of the 
hole was suHieiently great with reganl to the thickness of the 
septum in which it was pierced, viscosity effects could be 
neglect (sl. That liydrogen did not conform so exactly to the law 
as did the other giises, he attributed to the fact that the viscosity 
elfect was more marked owing to the lightness of the gas. In 
1857 Ihinseii {(JammfiriHcJtc Mtihodcn) applied the method of 
elVusion to the deterinination of gas densities by measuring the 
tiiiuf rc(juired for a certain volume of gas to escape from a 
cylindrical vessel through a hole in a platinum plate at the top. 
'flu* gas was conline<l under pressure over water or njercury, and 
the change*, of volume was determined by means of a float inside 
tlu‘ cylinder. Tlu? method could l>e applied to the determination 
of the densities of .simple gases or of mixtures, for since the 
jdu'noiiicnon is iiulei)endent of molecular motion there is no 
scparalujii of gase.s at the jet. 

'flic geiKTul thecuy of the adiabatic efflux of a perfect gas has 
nmn* rc(H‘nlly been studied by Hugoniot and Osborne Reynolds 
on the one hand, and by Parenty on tlie other. In both cases 
the following assumptions are made : — 

( I ) That viscosity effects are eliminated. 

{2) That the ideal gas laws hold. 

(;>) That the efflux is adiabatic. 

(4) That the motion is steady'. 


From their results Dr. Donnan htis deduced forniulie repre- 
senting the relative periods, required for the efflux of the same 
volume i)i two gases in terms of their densities p, and of their 
values of /.*, the ratio of the specific heats. 




In tin*. llugoniot-Iieynolds formula 


iin the l*arenty formula 




y 


In comparing the rates of effusion of a monatomic and of 
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a diatomic gas, such as air oud argon, for whicli the values 
of k are 1*408 and 1*67 respectively, 


/ = 1*06 . / (Ilugoiiiot-Rcvnolils), 


or, 


1 = l-()8 A*i I Parent v'- : 


expressions which differ considerably .In nn the simple Isf»thermal 
formula already given. The llugoniot-lteynolds fi>nnula appearetl 
to be the more correct. 

To return to the experimental side of the rjiiestion. In 
1897 Ihimsay and Collie showed that though the rnt(* of 
flow of the commoner gases through a j)orous jdiig into a 
vacuum appeared normal, argon and helium gave considcnahly 
higher velocities ; lUmnau continued tlie investigation to ileter- 
mine whether the irregularities couhl be accounted for in the 
manner tliat has alreatly been indicated. 

ilfihod of m€(fvnrment (Uid dvficrijdion of ajfjforofos. 

'^It will be seen that the theory sketched in the foregoing 
section only leads to simple comparison-formuhe for the ('a^e 
of effusion in which the back-pre.ssure is small in coinparii^iim 
with the pressure in tlie gas-reservoir. 'I'hc billowing e\i)eri- 
ments were made with an initial pressure in tlie gas-reservoir 
which was aliout 700 mm. in one serms and about oOO nun. in 
the others, the back-pressure rising from zero to 60 and 47*o 
mm. respectively. The principal condition was, however, tliut 
the apparatus should be such as to admit of measurements being 
made with small quantities (20-30 c.c.) of the rarer gases. It 
was necessaiy, therefore, to employ ^’ery small apertures in ord(»r 
to reduce the unavoidable error in the time-ineasurenient ’ to a 
sufficiently small percentage. There was a limit placed to the thick- 
ness of the partition, seeing that it had to withstand jnessures 
approaching that of an atmosphere without collapsing, and so the 
conditions imposed tended rather in the direction of viscosity- 
efTects. As will l>e seen in the sequel, such effects made them- 
selves apparent. They could doubtless have been avoided by the 
employment of large quantities of gas and much larger apertures, 
but that was not possible in the present case. I'he apparatus 

, ^ Tho time was measured by a 8to|>>watcli marking fiftlis of a second. 
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employed is shown in Kij^. 112: a is the gas-reservoir, the gas 
being introduced through the capillary tubing h c d by means of 
the giuj-syphon 'Fhe j>res- 
sure was read olf in the 
ch)sed barometer-gauge / by 
means of a mirror-glass scale. 

Th(* eirusion-plug, or partition 
containing the efrusion-ai)er- 
ture. was jilaced at or near 
the* lower extremity of the 
glass tube // ; h rej>re.sents a 
ground-glass joint with external 
mercury seal. During an ex- 

o 

jMiriiiient, tlie taps i,j, l\ and 
I heiiif' closed and tn oj)en, the 
gas passed from the reservoir 
n into the viicuous receiver 
Lhrongii tlie narrow aperture 
in the effusion -plug. The 
tnhc n led to a T(">pler-punijt, h - 
which .served to evacuate the 
apparatus and to collect the 
gits again at the conclusion of 
an experiment. lloth gas- 
reservoir and receiver were 
kept at a constant tempera- 
ture hy being immersed in a 
very large beaker of water. 

The temperature of the water was maintained uniform and con- 
stant by means of a stirrer with horizontal screw-shaped blades 
driven by a Ilenrici hot-air motor, and an Ostwald temperature- 
regulator filled with toluene. 

In order to make a measurement with the apparatus, the 
mode of procedure was as follows : — The end q of the bent 
capillary tube was drawn off to a fine point and sealed. The 
taps i, j, I, and m. were opened and the apparatus exhausted. 
Ilicse taps were then closed, and the tube containing the gas 
over mercury brought over the sealed point q by raising and 
lowering the mercury-trough. The drawn-out end, which had 
been previou.sly weakened by a file scratch, was now broken by 
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pressing the top of the tube against it, and tlu3 gas admitted to 
the reservoir by opening the tap /. On its way thither it was 
filtered through the cotton-wool plug r. The gas was allowed to 
enter until the mercury in the gauge rose io a certain fixed 
scale-division It was easy t«> adjust this accurately, provided 
the capillary hail been drawn out fine enough ; and in any case 
small inaccuracies in this adjustment are al)solutely without 
ettect on the measurements, as is foreseen from the theory, and as 
will be confirmed later on. The tap I having l^een closed, the 
elfusion was started by i»[»ening llie tap tn and a .sto])-watcb 
set in motion as st»on as the morenry meniscus sank to a 
certain scale-divisii>n n,, a litlh‘ below A smooth ami easy 

moti«ui of the falling merenrv meniscus was seeiii(*d b. 
having a small (piantity of glycerine in the gauge, i.r. just 
sufficient to lubricate the gla>s wall hut not enough tn (.ollet t 
over the mereurv. The watch was stopped as stion as tlit‘ 
meniscus reached a third tixeil division, Proceeding in this 
way with eacli of tlie gases to he compart'd, it will he seen that 
the times of elVusioii are mojisuretl lj(*iw(*en exactly llu* same 
limits of pressure. I'he piH*ssure in the receiver at tlit' (*ml of 
tlnj etVusioii was me«asured roughly by opmiiiig / ami rt'atling tin* 
closed U-gauge. In order tt) make two consecutive measure- 
ments, it was only necessary to ojum /, jaimp out the reetdver 
close i, and reatljust the pressure in llu* reservoir to a^ by 
udmittiiig more gas. 

The elVusioii-jdug was made hy taking a circular disc of 
platinum-foil (about thick), hacking it with a fiat picci' 

of agate, and piercing it in the centre by gently ]»re.ssing a very 
fine needle against it. The disks si» constructed were then IcsUmI 
by sealing them to the end of a glass tube with (fiiatterton 
cement, and observing the rate of eflusion into tlu; exhausted 
vessel of a Tdpler-puiiip, by noting the rale of fall of the mercury 
in the vertical capillary. 

A suitable disc having been obtained, it was melted oH‘, 
burnt clean, and soldered with gold to the end of a stout 
platinum tube, which was finally se.aled on to the end of the 
glass tube vj (Fig. 1 12). Hie effusion-apcirture employed in the 
first series of me?isurernents was about mm. in diunuder. 
Preliminary experiments showed that the time of effusion for any 
given gas varied somewhat from clay to day and — to a less 
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(li'gm* — even ihiriiig tlie course of a consecutive series of 
iii(‘aHuremcntH. This source of error was eliminated by comparing 
each gas directly with oxygen, and usually the time of effusion 
for oxygen was immsured immediately before and immediately 
alter that of the gas in <iuestion, and the mean of these two 
valutas taken. 

It ai)})eared, however, necessary to introduce a correction for 
viseosity which was applied by means of the formula, 

t =z a \/ 1 * + // 

wla‘re /x is the viscosity of the giis relative to oxygen, 6 is a 
( niistant, and a is a factor dependent on the size of hole. 

Assuming llial the time required for the effusion of oxygen 
and hydrogen aie proportional to the Sf[uare roots of their 
densities, as is highly probable, a and b can be calculated. 

Oxvf^en ^observed; • • • 676*0'' 

llyilrogt ‘11 (observed} . . . 171*6" 

„ (calculated from deiiaities) 169*7" 

676*0 =: (I 16 + 6 X 1 

1 :<5-6 = a i'-OOS + 6 X -4375 
#(=166*5 ^#=10 

Applying these results to carljpn monoxide 

Oxy«;en (observt*d) . . . 676*6" 

(Parboil luonoxide (observed) . . 630*0" 

( 676*6 \ 

X N'uj + (*87r) + 10) 

= 632-3" 

Carbon monoxide (calculated from density) 632*9" 

The results obtJiined in the case of argon are very interesting ; 
they are tabulated below : — 


Oxygen (observed) . . 673*3"' 

Argon (observed) . . 723*9" 

„ (calculated from densities) 751*2" 

„ (calculated from densities and cor- 
rected for viscosity . . 75 1 * 0 " 

„ (calculated from the ilugoniot-Rey- 

nolds formula) . . 715*0" 

„ (calculated from the Fareutz formula) 692*0" 
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These results show that the ahiu»rinality in tlu‘ case nf 
argon can be attril)Uted to the process ut’ tin* ellusion being 
partially adiabatic. It appears likely that if the })rocess wt*re 
truly adiabatic, the Hugoniot-Keynulds formula w(add express the 
results fairly exactly. 

Helium and carbon dioxide were found to behave in a 
manner which could not be explaineil on tla^ assumption of tin* 
perfect gas laws. Helium appears to elfuse too slowly and 
carbon dioxide too quickly; this attributed to the internal 

work i>erfonned by the gas at the jet. which, it is sliown, would 
account for these irregularities. It may be added that in tla* 
case of helium the value of pr ai»pears to increase witli increase c>f 
pressure to an even greater elVect than in the ease of hydrogen. 
It is possible, tberef»>re, that though tla* Joule-Tlaunson efleet 
(p. 187) is nearly negligible in the case of the latter gas, it may 
have a strongly negative value for helium. 

Transipiration . — 'i'he How of gases in cajallary tubes was 
tirst studied by Thomas Graham in th(» early forties (77///. Trcnm., 
1840). The gases, confined over water in glass vessels, were 
drawn through ca])illary tubes of varhms dimensions into lie* 
receiver of an air-pum{\ and the time required It) i)roduct* a 
definite ri.se of pressure was observed in each case. The ctai- 
clusions arrived at may be briefly expressed as Ibllow's : — 

(i) If a gas flows into a v^uous space through a tube whose 
length is cxtremchf ahort, a mere ring, it will obey the law of 
effusion. With the slight(?st elongation the effu.sion numbers an* 
disturbed, the change being very great at first but sotm falling off. 

(ii) A tube of any diameter i.s suitable for transjiiration 
experiments, provided a certain length is given to it. 

(iii) The relative time of transpiration of a gas appears t(j be 
indeiiendent of the pressure, but increases \vith rise of temperature. 

(iv) The time of transpiration of mixed gases appears, in soim* 
cases, to \ye the mean of the two components, but in the case of 
hydrogen it apf)ears to tend in the direction of slower transpira- 
tion ; the addition of small quantities of hydrogen to other gase.s 
appears to prolong the time of transpiration. 

The following figures express the time of trans|nralion of the 
commoner guises : — 

Oxygen . . DOO j Hydrogen . 0*44 

Carbonic acid . 0*75 | Nitrogen . . 0*875 
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Vimmilij ; inlenud frirtwn . — A stream of gas flowing past a 
solid surface may be su])])(>s(‘d to consist of a number of tliiti 
layers parallel to the surface. The layer in contact with the 
stirfac-e may be supjxised to be at rest, and, indeed, it has been 
[iroved experimentally that the friction between a gas and a 
solid is, excej>t at low pressures, negligible. J!ach successive 
layer moves over the one lad’ore it with an increased velocity, and 
if the stream is moving in the direction of the velocity c is a 
linear functhai of ?/, the perpendicular distance from the surface, 
since the friction lietween unit area of each layer is the same. 

If F is the tangential force lajtween unit areas of any pair 
of layers. 


when* fi is a constant, the coeflieient of viscosity. If we consider 
the layers as being at unit distance apart, and moving, relatively, 
with unit velocity : 

(ii F ft. 

Suppo.sing that the gas consists of molecules, there will be 
a constant interchange between the layers, a quickly-moving 
layer receiving molecules of liigher velocity than those which it 
gives to the slow-moving layer next to it, this interchange 
resulting in a tendency to equalise the velocities of the layers. 
The tangential force will depend upon the number, velocity, and 
range of action of the molecules, or in other words on the number 
of impacts between them in unit time. Since at constant 
temperature, only the number of molecules in unit volume,- and 
their range of action, change, and these two factors change in 
inverse ratio, the viscosity of a gas should, at constant tempera- 
ture, be independent of the pressure. This conclusion was 
arrived at by Clerk-Ma.xwell in 1800 from his mathematical 
investigation of the viscosity of gases, and was confirmed by 
his own experiments. The results obtained by Graham twenty 
;^cnrs earlier, pointed in the same dii-ection, and the actual values 
of the viscosities calculated by O. E. Meyer from Graham’s data 
were confirmatory of Maxwell’s law. The subject has been dealt 
with by O. E. Meyer in a work entitled Kinetic Theory of 
Gases. 
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The laelhod employed by ^Maxwell in his ex])eriments was 
one which, in a simpler Ibrm, had first been applied by Vonloinb 

to the determination of tin* viseositv 
of licpiids. Here three circular discs'^ 
were fixed ri|j;idly to an axis wliich 
was snspemled at one eml by a 
fibre, so that if they were rotated 
they Would oscillate about tlu‘ axis 
and jj:radually be brniijrhi to rest l»y 
friction with the surrounding ; 

tin* viscosity could he calculates 1 from 
till* logarithmic tlecremeiit <d‘ the 
period oscillation. In onler to 
increase the frictional effect of the 
i^as ^Maxwell intro<lu(‘ed four fixed 

<liscs a a *t a, alu^vc*, liidow. and 

between tin; rolalino discs, and very 
nearly touehin*: them. The results showed that Maxwell's law 
held between pressures correspondin,t» to 10 and TfiO mm. of 

iiuTCurv. It app(*ars j)robahle that this method is ca]>ahh‘ of 

f»iving the most accurate results for the abs»»]utc values of the 
visco.sities of though, as Kundt and Warhurg have shown, 

it is iiece.ssary to apply a correction for lluf (‘Xtcrnal sli]>]»in ;4 
friction canst'd by the moiicm between the moving surface and 
the gas, when dealing with rarefied gase.s. 

Croo^ ps {Phil. Trntiiy.^ 1881) employed a rotating vane of 
mica in the inve.stigation of the visco.sities <»f rarefied gases ; the 
results, which were cah!ulat<?d by the aid of formula* developed 
by Stokes, showed that the law of Maxwell licdd good down to 
very low pre.ssures, but that at extreme rarefaction a sudden change 
usually occurred. 

The relative viscosity of a gas may be determined with a fair 
degree of accuracy by means of Graham’s transpiration method. 
0. E. Meyer has shown that where and p.^ represent the 
pressures at the two ends of a capillary tube of length / and 
radius i?, wliere fi is the coefficient of viscosity, and is tlje 
volume of gas which passes through the tube in t seconds, 


ri'i. 


irtr^ 
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wlicrc! the driving pressure (;j, —p.^ is constant and not very great. 
'I'he values of r and I woulil Ite diflicult to determine accurately, 
hut in making comparative meaKuremeuts their absolute values are 
not itM|uired. In im-asuring the yiscosities of argon and 
told -llaylcigli employed a tuljc about 1000 mm. in length 
ami I mm. in diameter (Prur. Itoy. Soc., 69, 200), connected at 
either end with a gas burette and a manometer. During the 
jtiissnge of the gas the pressure.s were regulated by one of the 
olisto vers, and it was found possible to adjust them with sufficient 
accuracy. As a check 011 the experiments the relative viscosities 
of hydrogen and air were detcrmine<l, and the results were found 
to be sati-ifactory. 

Tin* viscosity coeflicicnt of air is given by 0. K. Meyer as 
(1000172, the mean of the resull.s of .six observers. The value 
of the coetlicient is of the same ftrder for all gases, and even in 
the (iHc of the monatomic gases no valuations are found. Tlie 
Itillowing are the accepted values for the principal gases — 

I. It. III. 

0.\yKcn . O-OOOlUl 00001P9 

Nilro^fii . . 0•0()01(I7 0'000166 

<’:iilioii .lio.’iuk* . 0-00014.5 0-000138 0-000152 

lly<h-..)-cii O-0O0084 0-000086 0-000092 

I. Calculatefl by 0. K. Meyer from Graham’s transpiration 
numbers. The number 0-899 is given for air i-eferred to oxygen 
as unity, and the viscosity of air is taken to be 0'000l72 at 
0 ' * 

II. Directly determined by Von Obermeyer by the tiauspira- 
tion methoil at 0" C. 

III. Determined by Kundt and Warburg by the method of 
oscillation at 15'' C. ; the numbers are, however, somewhat higher 
than in I and II. 

I'rom the transpiration experiments of I.ord Kayleigh (loc. 
at.) the monatomic gases have viscosities 

• Argon . 0-000208 

Helium • 0000166 

It may be mentioned here that the viscosity of a gaseous 
mixture is not necessarily the mean of the viscosities of the 
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constituents, and, as was shown by (Jmiiiuu, the presence of a 
small quantity of a gas, such as hydrogen, which ha.s a low 
viscosity, may inoivase the apj^arent viscosity of a gas like eurlM>u 
dio.\ide; this fact is in perfect aecoi-dance with the kinetic, theory. 
It is necessary, therefoiv, to take, particular precautions with reg!ir<l 
to the purity of the ga.ses einploytHl, thougli, as I.ord IJayleigh 
has shown, the results are not likely to bt* .seriously afl'ecteil liy 
the presence of tracer of moisture or of other gases. 

I The effect of a rise of temiHjniture is to increase the visco.sity 
I of a gas. It will suffice to state here that the change is of the 
same order for all gases, though it might have Itet'u 8upi»osed 
that a »lifferenee woiild have Iteen observed in the ca.se of the 
monatomic gase-s, sim>e the change in \ i.scosity is de}>endent not 
only on the number of the impact.s k'tween the molecules, but 
on the nature of the impacts tt’arl Barns, --Iw. ./. Sr., ISSH, 
408; Uolniau, iVo-’. --Iw. Amd., ISSo, 10; h’ayleigh, /(«*. rit,\ 
Sutherland (Theory), Phih Moy., 189:!, ;’80). 

Diffusion of ytise,t. — This term, though employed by (J yahaj j^ 
in describing the jiassage of gases through pqygps should 

I more properly k* applied to the mixing of two gases brought 
i suddenly into contact over a free surlaee. The subject was 
studied by Loschmidt of Vienna, au<l the results published under 
^ the title of Difftmm nf Gam without Porvun Septa. A gln.ss tube 
1000 rain, long and 25 min. in diameter wu.s divided in the middh^ 
by a thin steel shutter, in which a hole, equal in diameter to the 
inner section of the tube, wab pierced. The two halves of the 
tube were filled with different gases, and the shutter was moved 
so as to bring them into contact for a definite period of time. The 
degree to which the gases had mixed was determined by chemical 
analysis, and, from the ‘results, coefficients of inter-diffusion were 
calculated fiom formuhe developed by Stefan on the basis of the 
kinetic theory. 

The passage of a gas through a porous septum into a vacuum 
appears to take place partly by effusion and partly by diffusion ; 
the phenomenon is partly molecular and partly hydrodynamic. 
It is difficult to determine how far each of these phenomena comes 
into play; but since the rate of ffow of the gas is inversely 
proportional to the square root of its density, it appears to be 
conditioned by internal friction only to a veiy slight extent. 
The method does not, however, lend itself to the determination 
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of gas (iGiisities. The passage of a mixture of gases through a 
porous septum results in a partial separation of the constituents, 
the lighter gas passing through in greater quantity. The sepanu 
tion is, however, by no means complete; and even were the 
{theiiomenon one ^of simple diffusion, the concentration of the 
heavier gas on the tirst surface of the septum would, tend to 
decrease the efliciency of the process. 

The method of fractional diffusion, or atmolysis, was one of 
tlie metliods employed byUamsay and Eayleigh to prove that 
atmospheric nitrogen was a physical mixture {PhU. Trans., 1895, 
186 , 187). It was also applied to the separation of the M n- 
stithents of eliVvifA gaa (Itiimauy and Collie, Proc. Boy. Soe., 6b, 
20G ; Ihuiisay and Travers, id. 60 , 206). 

The gases were introduce*! through a stopcock E into the 
(lirTusiou vessel A,- which communicated through the porous plug 


H and the stopcock C with a Topler-pump. 
Tilt! plug consisted of a • piece of tobacco- 
pipe stem, closed at one end and cemented 
into the glass tube at the top of the 
vessel A. Before introducing the gas the 
apparatus was cxluiusted through the 
stopcock 1), which was sulisequently closed, 
as was the stopcock C. The rubber tube 
connecting the mercury reservoir F with 
the diffusion vessel could be closed by a 
pinchcock. During the actual experiment 
the reservoir was adjusted so that the 
pressure on the gas in the vessel was about 
equal to the atmospheric pressure. 

In the first stage of the experiment 
the vessel A, after exhaustion, was filled 
with the gas, which was allowed to diffuse 
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tlirough the porous plug into the pump. Five equal fractions 


wero pumped ofl' and collected separately. The first and lightest 
fraction was then inti'odnced, and after two-thirds of it had 
passed through the plug, the stopcock E was closed ; the ^ in 
tfie pump was collected to form tdie first fraction of. the second 
series, and the second fraction was added to the gas in the vessel 


A. Half this gas was allowed to diffuse into the pnmp, and the 
remaining half was mi.xed with the third fraction and treated in 
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the same way. This operation was re])eated in the case of each 
fraction of gas, so as to pixwluce six other fractions. To obtain 
the sixth fraction it was necossaty to open the stopcock J.) and 
exhaust the apparatus. 

This cycle of operations was rejK'ated about thirty times, with 
the result that the density of the lightest fraction wits reduced to 
1*98; the density of the original ga.s was 2'18. The method is 
an extremely tedious one to carry out, and is far less etlective 
than fractional distillation as a means of separating gases in a 
mixture. 



(JHlPTEJl XXI 

liEFRACTIVlTY 

The first attempt to determine the refractivities of gases is that 
of lJulong in the year 1820 (A. cU Ch. et de Ph., 31, 154). The 
gas was introduced into a hollow glass prism, aiid the pressure 
was adjusted till a definite deviation was arrived at. The 
results obtained are closely in accordance with those of modern 
investigators. 

It would be impossible to deal with the various methods 
which have been applied to the determination of refractivities 
of gases ; the majority of them are based upon the principle of 
interference, and it is probable, from the widely discordant 
results which have been published, that the measurements have 
rarely been made with pure gases. 

Although it is only with considerable difficulty that the 
absolute refraetivity of a gas can be determined, it is a compara- 
tively simple matter to determine the ratio of the constants for 
two gases, or the refraetivity of any gas in terms of the refraetivity 
of air, which is taken as unity. 

The refractive index /x, of any substance, for light of any 
particular wave*length, is an inverse measure of the velocity with 
which light of that particular wave-length travels in the sub- 
stance. 

• The refraetivity of a substance is expressed by the symbol 
(/A — 1), and for matter generally, the law of Dale and Gladstone, 

d 


constant, 
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holds good within narrow limits. In the case of the more 
perfect gases, 


J 



0 


constant. 


It is not difticwlt to attach a pliysical meaning to the terms 
{/t— 1). Supposing matter to consist of molecules in the 
ether, if the time required for the 'passage of light through a 
vacuum were unitv, /x would ho the time n'cjnired for the 
passage of light through the satne sjKtce. tilleil with matter, 
t/i - 1) is thus the retardation produced hy the presence of the 
molecules. 

Lord Eayleigh (Pnv. }i<^. }<oe., 69, 20o) has ileCised a very 
simple apparatus for determining the ndVaetivities of gases, 
which depends upon the comparison of the velocities of light 
through identical lengths of two gases hy the method of 
interference. The apparatus was first ajtplied hy him to the 
determination of the refractivities of argon ami helium, and 
sulrsequently in a slightly modified form hy Hamsay and Tmvers 
to the examination of the. constituents of atmospheric argon. 

In the apparatus ( Fig. 1 25, A and If) the gases were contained 
in tw’o glass tulres a, which were connected together and were closed 
at the ends by optically-worked glass plate.s. The tubes were cut 
from a straight length of glass tube about 7 mm. in diamedpr, and 
the side tubes were sealed to them ; they were then connected 
t<^ether by a broad hand of very thin copper sheet, and cement 
was run into the space between them. The ends b h' were then 
ground perpendicular to the axis, and the worked glass plates, 
which were only sufficiently large to exactly cover the ends of 
the tubes, were attached by means of rubber cement. The tubes 
were then tested for leakage from the outside, and from one tube 
to the other. The tubes were placed lietween the two plano- 
convex lenses c and d, in such a manner that the middle points 
of the upper edges of the end-plates lay in the optical axis. The 
lenses were achromatic, and of about one foot focus ; they were 
mounted on brass' tubes, which were attached by cement to slides, 
which could be moved along the wooden beam on which tlie 
apparatus was mounted. The slit e was made by drawing a line 
with a razor across a piece of tinfoil cemented closely on to the 
second surface of an ordinary' piece of glass plate. The slit was 
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illuminated by means of a paraffin lamp /, placed at a distance 
of about 1 0 cm. from it. A piece of card </, pierced with two 
vertical slits, was placed in front 
of the second lens. These slits 
were about 4 mm. wide, and 
tluiir centres coincided with the 
axes of the tube.s. A vertical 
cylindrical lens was placed at m 
to serve as an eyeinece for* the 
observation of tlie bands forme<l 
in the focus of the lens d. The 
lens was made from a strip of 
j)late '^lass which was turned 
in the lathe with a file and 
turpentine to about M mm. dia- 
meter, and was then polished ; 
j^lass rod would not serve for 
this puriKJse. The tubes a were 
connected by capillary leads 
directly to the manometers h k\ 
which were provided with ad- 
justihle mercury reservoirs I l\ 
so that the pressure could be 
altered at will. The tubes and 
manometers could be filled with 
gas through the two-way stop- 
cock A, by means of the appa- 
ratus described on p. 300, or 
connected with the pump. The 
manometers were placed in front 
of a ruled glass scale, and the 
readings were taken by means 
of a telescope. 

The principle of the apparatus is as follows. The diverging 
beam of light from the slit e is rendered parallel by the lens c. 
From this point we may consider two parallel beams passing 
partly down the tubes and partly above them, and being brought 
to a focus by the lens d. At points in the focal plane of 6, at 
which the lengths of the paths of the two beams differ bjr one- 
half wave-length, interference takes place and bands are formed. 
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If the sodium flame is employed as a source of light, tlie batuds 
will be black with bright spaces of yellow light between them ; 
with ordinary wliite light the dark bands will have coloured 
fringes. There is no advantage, however, in employing mono- 
chromatic light ; the dispersion of gaseous matter is so small that 
the error introduced by the use of white light is too small to be 
considered in ordinary experimental work, ami the coloured bamls 
are cpiite easily observed. The sharpness <»f the bands largely 
depends on the narrowness of the slit. 

When viewed with the cylindrieal Jens two superimj»ost*d 
sets of bands appear. The upper set, whiel) is ]>rod\iced l)y the 
beams of light passing over the top of the tubes, acts as a 
set of fiducial pointi^; the lower s(*r is produmt by the beams 
of light wbicli pass through the tubes. On account of slight 
irregularities which may exist in the jdates or lensi*s, tin* two 
sets of bands will not coincide; this error does not, however, 
affect the ultimate result. 

The tubes and maiiometer.s are lirst thoroughly exliansted ; 
one is filled with the gas whose refractivity is to be <leter- 
mined, and the other with air or with some other standard. If 
the two gases have the same refractivity, and are at the same 
pressure, the beams of light will pass witli the same velocity 
through each of them ; consequently, the points at which the 
interference bands are formed will he the sanui as when tliev 
were both filled with air at the same pressure, or were coini»letely 
exhausted. If their refractivities differ, the velocity of light in 
the ga.s of lower refractivity beiny ^iieater than the velocity 
of light in thfe other ga.s, the hands w’ill be displaced in the 
direction of lower refractivity. The pressure in the tuljc contain- 
ing the gas of higher refractivity is now reduced by lowering the 
manometer reservoir until the hands in the upper and lower rows 
exactly coincide. The' pressure in each manometer is now read 
by means of a telescope ; and, in order to ensure accuracy, one 
of the reservoirs is readjusted four or five times, the other remaiu- 
iug fixed. 

If it were not for the smfdl irregularities already mentioned 
it would be possible to calculate the refractivities of the two gases 
from the ratio of the pressures at which light travelled with equal 
velocity in each of them. In order to eliminate these errois it is 
necessary to make the comparison at a second pressure os different 
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from the lirsl iis poesible. The reserv'oir of the manometer 
containing the gas of low refractivity is now lowered as far as 
possible, the other reservoir lieing lowered simultaneously, and a 
second set of adjustments are made. In lowering the reservoirs 
then* is some danger of mi.staking the bunds which shifuld corre- 
spond. This difliculty may lx; got over by lowering both resen'oirs, 
so that no great <lisj)la(;ement ever occurs. The difficulty becomes 
mncli greater with heavy gases, when a great number of bands 
})as,s a(‘ro.HH the Held for a sdiall change of pressure. 

From the differences lietween the results of the two sef^ of 
leadings the refractivities may now be directly calculated. 

If p„ and p,, are tlie pressures after the first adjustment, and 
p\, ainl //,, the pressures after the second adjustment. 


/'« - /»<! 

in, - pi, Pa 


'J'Jir dniuJard.- —M the relative value of the refractivity of the 
gas lies between O'o and 1’4, one manometer is tilled with air. 
In measuring the refractivities of gases, such as helium or neon, 
some difliculty was experienced, as it was necessary to lower the 
pressure on the air considerably in oi’der to bring the bands into 
position on the field, and unless the manometer tubes were very 
long it was found to be impossible to obtain a second set of 
reatiings differing greatly from the first. It was found to be 
more convenient to measure the refractivities of these gases 
against hydrogen, and to determine the constant for that gas 
against air by a subseipient series of measurements. 

RefradivUy of argon in terms of air as unity . — The pressure 
dffierences are expressed in millimetres of mercury 


Argon. 

First difference . 7 ’7 

Argon. 

Second difference. 368*2 


Air. 

13*6, 13*3, 13*6, 13*0, 13*3; mean, 13*36 
Air. 

36 H), 361*5, 361*2, 361*0 361*3; mean, 361*2 


Refractivity == 


36l*a- 13*36 
368*2- 7*7 


0*9679. 


Argon. 

First difference . 8*0 

Air. 

Second difference . 355*1 


Air. 

12*9, 12*7, 12*6, 12*6, 12*7 ; mean, 12*7 


Argon. 

361*1, 361*8, 362*0, 361*0, 361*5 ; mean, 361*5 


_ 355*1 -12*9 
“"361 *5- 8*0 


« 0*9680. 


Refractivity 
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The following values wevo obtained for the refractivities of the 
principal gases : — 


M 1. 


Air 

10(H) ' 

Hydrogen 

. 0-473 » 

Oxygen 

. 0-944 ' 

Nitrogen 

l-oifi' 

Neon .... 

. 0'i34r> 

Argon . 

. o !)orir> - 

Helium 

Olgas'- 

KryjJtou 

1-449 •• 

Xenon . 

. -J-.Ki 1 ■“ 

* Rjimsay aiul 'I'l-awrs. /It ‘if. $2. 22S. 

- /./. 64. 1!»0. 


* A/. 67. 



CHiU'TEU XX n 

SPKCTBUM ANALYSIS 


HiMtori(*al iiofi* — (iases for oxaniiiiatioii — Vacuutn-tiilH?s ami electrodes — Method of 
lining vacuiiin-tiibcM — (Qualitative oWrvations — The 8|>cctronieter — Standard 
linos— The induction coil — Klectrie discharges in vacuum-tubes — ^Tlie nature of 
. luminous 8[icotra — Sjicctra of hydrogen, helium, neon, argon, krypton, xenon, 
mercury, nitrogen, and the oxides of earlwii. 


It was first noticed by riiicker {Pog/j, Ann., evii. 497) in 1859 
tluil‘ the luiture the liglit emitted by the so-called Geissler 
tubes depended upon the gas with which they were filled. This 
observation led to the apiJication of the methods so successfully 
enii)loyed by Bunsen and Kirsclioff in the examination of solid 
substances, to the investigatiim of the spectra of gases. 

G(mii for c^vamimtion . — The preparation of gases in a state of 
purity has already been dealt with at length, and it only remains 
to add a few remarks with regard to precautions to be taken if a 
gas is intended for spectroscopic examination. Since in a mixture 
of gases the nature of the spectrum depends only within certain 
limits on the proportion of the constituents present, and since 
certain gases, such as the various compounds of carbon, have a 
considerable influence even when pi-esent in minute quantity, it is 
essential that the processes of preparation and purification shall 
be so selected that these substances are entirely absent. . Further, 
if the examination is conducted with a view to determining the 
nature of a chemically inactive residue (helium, etc.) the gas 
shoiild be previously sparked with oxygen (p. 104), and the 
oxygen subsequently removed by means of phosphorus. 

Vaemm-tvbes . — In order to observe the spectrum the gas is 
introduced . into an exhausted tube at a pressure of 2 to 3 mm. 
Under the influence of the electric discharge, produced by con- 
necting the secondary terminals of an induction coil with the 
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electrodes which are fused into the tulx?, the gas emits a character- 
istic glow wdiich is analysed by means of the spectroscope. 

The tul>es, coinmoiily c‘alled riucker tubes, which are used to 
contain the gas, are shown in Fig. 120. In n the tmpillary portion 
of the tube, which should have an internal diameter of alnnit 
1 luni., is sealed to two wider poi'tions containing the electrodes 
which lie in the axis of the tuln.'. When in use the capillary 
portion of the tube is placed opposite and jKiralhd to the slit of, 
the spectroscope. The tubes h and r hre .so lonstrueted that when 
placed opjK.>site to the slit the axis of the eajullary lies in the line 
of eolliination. J^y this means the inlciisity of illumination is 
much incTcaseil. In the tube is closed by a apiartz ]date 
which is cemented to the en»l nf the tube which is gnvnnd Hat. 




I'lo. 


The object of the <|uart/. [»lale is to luluiil of tlie passage of ultra- 
violet rays, to which glass is oparjue, and which can only he 
detected by photographic methods. In tliese “ end on ” tubi*..* the 
capillary is often flattened. 

The electrodes which pass inside the tulies may be either of 
almninimu or of platinum, preferably of the former, sealed into 
the tube by means of a little lead, glass, or enamel. If platinum 
electrodes are used they can he easily intro<luced in the following 
manner. The different stages of the operation are sliowh in 
Fig. 127. A piece of platinum wire about 2*5 cm. long is l»eiit 
into a loop (a), and while held in the forceps in the blowpipe 
flame, a stick of enamel is melted, and dniwn round it so as to 
leave a bead of the material on the wire close to the loop ; the 
wire is also thinly coated with the enamel for about half its length 
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(b). Tlie wide ])ortioii of the vacuuin-tulxi, previously sealed to 
the ctipillary, is then drawn to a point, and the point is heated in 
the llanie and blown out so as to leave an opening rather smaller 
than the knob of enamel on the platinum wire (c). The wire is then 
placed in position^ and the end of the tube strongly heated with 
a small flame till the glass and enamel are thoroughly melted ; 
tlie lubit is tlic'u blown nut and melted down a second time. 
'I'his (jperatiou should be repeated several times, when the enamel 
siiould form an even ring rflsmt o mm. wide round the wire (d). 
'Flic side-tulHi sliould then be sealed in position, and the second 
electrode introduced. 

Platinum electrodes are little used, especially if the tubes are 
to la- much used, as they become very hot, and the platinum 





Fiu. 127. 

volatilises under the influence of the dischai^e. This would of 
itself be unimportant, but for the fact that the metal,' which is 
deposited on the walls of the tube, is in the amorphous condi- 
tion at the moment of deposition and able to absorb certain gases, 
])articularly helium. Aluminium, on the other liand, although it 
too is volatile to a certain extent in the inactive gases, does not 
appear to absorb them so quickly, though it completely absorbs 
traces of uitre^u, carbon monoxide, etc. 

An aluminium electrode is made by heatiug the end of a 
piece of aluminium wire in a flne blowpipe flame, and when it is 
just melted bringing it into contact with a piece of platinum 
wire e ; a trace of pure gold on the platinum facilitates the union 
of the two iQetals. Th# platinum wire is then cut to the right 
length, bent and coated with enamel for the greater part of its 
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length, leaving a knob of enamel near tlie loop (/). In order to 
completely protect the platinum a short piece of thin glass tube 
slipped over the aluminium wire, so that this covers the 
junction and reaches neaidy to the knob of enamel {g). liy heating 
•in the blowpipe dame the enamel and glass arc sealed together (A), 
and the electrode is sealed into position in the tube. Jlecently I 
have employeil electiixles in which the aluminium wire is drilled 
through its whole length, and threaded with stout platinum wire. 
Such electrodes, even should they bCcoine very hot, cannot fall 
against tlie side of the tube and crack the glass. 

It is sometimes convenient to use tubi‘s with one phitinum 
and one aluminium electrode, for on account of the intermittent 

nature of the dischaige from an 
ordinary induction coil only one 
electrode, the cathode, becomes 
strongly heated. For reasons 
which will be given later, the 
side-tube is placetl at the eml 
nearest to the aluminium electrode. 

Mfdioil o/jHling nu'uum-tiibrs. 
— The n]>[>nratus employed for 
this purpose is shown in Fig. 
128. The tube A is scaled to 
the mercury -jaimp, with which 
the apparatus communicates 
tlirough the stopcock B. The 
vacuum-tube is sealed to the 
tulie C, which contains phosphorus 
pentoxide confined l>etween plugs 
of glass wool. This tube is 
removed when the pentoxide is 
exhausted, and replaced by another 
freshly -filled tube. The gas is 
introduced through the syphon I), 
and if the apparatus is con- 
structed as in the figure there 
will be little danger of pellets of 
mercury being carried into the 
pentoxide tube or into the tube leading CD the pump. 

The apparatus is first thoroughly exhausted, and mercury is 
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drawn into the syphon to the level of the top of the stopcock by 
raisin},' the trough (p, 26, Fig. 28) till the point is below the 
surface of tlie mercury, and opening the cock. During the latter 
stages of the e.xhaustion the vacuum-tube is heated with a Bunsen 
lairner, and a strang ek^itric discharge is passed between . the 
electrodes, which are attached to the terminals of an induction 
coil. The direction of the discharge, which is intermittent (p. 309) 
in character, should be reversed every two or three minutes to 
ensure that both electrodes arc thoroughly heated. The spectrum 
of the lust truces of gas in the tube will probably be that of 
hydrogen, produced mainly by the decomposition of the water 
driven off’ from the glass by the action of heat. The heating 
and exhaustion are continued till the glass begins to glow 
with a brilliant yellow -green phosphorescence, or till the dis- 
ciiaige will no longer piiss lietween the electrodes inside the 
tube. 

With altnainium electrodes the discharge must be passed 
fur a longer time than if platinum electrodes are used, as the 
metal appears to give oft’ hydrogen as it Itecomes hot. With 
aluminium electmles there is, however, the advantage that traces 
of nitntgen and carbon compounds are rapidly absorbed by the 
nietal. For this reason it is not unusual to employ a single 
aluminium electrode, the other being of platinum. The aluminium 
electrode is always placed at the top and connected with the 
cathode terminal of the coil when the tube is in use, for if it 
should then become hot and melt it will not fall against the 
side of the tube and crack the glass. 

It is sometimes extremely difficult to remove carbon dioxide, 
etc., from the tube by simple exhaustion; in this case a little 
air should be admitted and the tube re-exhausted. 

When the exhaustion is completed the stopcock B is closed, 

' and the tube containing the gas to be examined is brought over 
the upturned end of the syphon in the mercury-trough. The 
stopcock is then turned so that the gas enters the syphon, driving 
tile mercury into E, and finally passes into the apparatus. The 
(juantity of gas which enters the apparatus can easily be regulated, 
and in adjusting the pressure so as to produce the best effect the 
direct vision spectroscope is brought into use. The vacuum-tube 
is sealed from the apparatus by heating the capillai-y tube with a 
fine blowpipe fiame. Mercury is then drawn into the syphon, and 
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the i-emaining gas is removed from the apparatus through the 
pUiup and collected. 

If the g<\s contains traces of nitrogen or oxides of carbon, 
the impurity is rapidly absorbed by the aluminium electrode 
when the tube has been in use for a short time. 

If a number of specimens of gas are to be examined (piali- 
tatively with the direct-vision .spectroscope they may be intro(lucod 
one after the other into the same tube, which is merely exiiausUHi 
between each operation. Care must* be taken that the syphon is 
filled with mercury before a new sample of gas is introduced. 

Mercury rapintr in rneHum-tubes . — When an a{)i)aratu.s of this 
kind has been in use for some time, it is frequently Ibund that the 
spectrum of the g-as intriKluced into it contains the' green and 
yellow mercury lines. Tliis is very markeil among the gases of 
the helium group, particularly the heavier membci’s, but lliough 
it depends to some extent «»n the gas, it is chiefiy caused by small 
particles of mercury Iteing carried through the whole ai>juiratus 
and volatili.sed by the heat generated in the tube. 

The introduction of mercury vajMtur into the tube may Im* 
partially prevented by introducing at the end of the tube K a tul*c 
filleil witli gohl-leaf. In order to retain all traces of mercury 
vapour the following method luts been usecl with 8ucce.s.s. A 
tube of about 20 cm. long and 1 cm. in diameter is ])ackcd with 
layers 4 cm. long of the following substances — 

(i) Silver foil. 

(ii) Sulphur. 

(iii) Iodine. 

(iv) Sulphur. 

(v) Silver foil. 

The tube is introduced between the pentoxide tube and the 
vacuum-tube. It is somewhat difficult to exhaust through it on 
account of the vapour pressure of the iodine. When it is not in 
use air should be admitted to the apparatus in order to diminis)i 
the rate of diffusion of the iodine and consequent wasting of the 
tube. 

QunditeUive chsermtions . — For qualitative observations it is con- 
venient to employ the prismatic combination of a direct-vision 
spectroscope, without slit or lenses. If the capillary of the 
vacuum-tube is narrow the lines will appear very sharp and 
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brilliant. For observations on the nature of the glow round the 
electrodes in the tube a spectroscope with slit and lens must be 
used. 

The spectrometer. — with a little practice it is 
possible to recognise the spectra of the principal gases, and to 
detect the presence of two or more gases in mixtures without 
reference to a scale, it is often nece.ssary to obtain more con- 
clusive proof of tlie identity of a line or of its position in the 
spectrum. For this purpose it i^ necessary to employ either a 
spectrometer, in which the deviation of the line may be directly 



Fig. 129. 

observed, or a spectro-photometer. The latter instrument is for 
many reasons always employed when a number of accurate 
measurements are required ; space does not, liowever, permit of a 
description of the methods of spectro-photography. It is possible 
to measure the wave-length of a line to the nearest Angstrom 
unit, one ten-millionth of a millimetre, by means of a spectro- 
meter with a 20 cm. circle and a prism of high dispersive power. 
Since, however, the accuracy of the results will depend in a great 
measure upon the structure and manipulation of the instruments, ' 
it may be well to mention the more important points to be 
attended ta . 
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The instrument should be built upon a solid east-iron stand, 
which can be levelled by means of screws nesting on counter- 
sunk plates. The screws should In* at least 1 cm. in diameter, 
and should tit accurately into their sockets. The. vertical pillar 
supports the divided circle, 20 cm. in diameter, and 1 cm. in 
thickness. The ciivle may W* divided on its horiztjutal or vertical 
surrace. preferably on tin* latter. In either ca.se the ac(*uracv is 
the .same, but the veriiial divisions hav*- tin* advantage that they 
can be read by mean? of a horizontal micro>ci»}K\ and that the 
vernier grailuations lie in tlio same plane with them ; graduations 
on a bevellcil surface are not to W reeommi‘mli‘d. 

The prism-table .shmild be raiseil as little as pt»ssible above 
the circle. It shouhl be capable of being r(»talt*d alxait tin* 
vertical centre *if the insinmitMil by a pinion working into a rack 
on the edge f»f the table. An arm projecting from the table cariics 
a vernier, hy means of which the ]H>siti<»n of the table can be 
determined. 

The tuln*. which C4irncs the slit and <‘ollimaiing lens, is 
usually attached to a support rigi<lly li.Ked about the zero of the 
circle. 'J'ln* .support must Ini .so construcUxl that the C(»llimator 
is ca[>abh* of slight Inuizonial and vertical adjustment, and is at 
the same lime rigid and free from vihration. Doth the teh*scope 
aiul Collimator sliiudd he earried on tlndr supjMirt.s in draw-tuhes. 
into which lliey lit well hut ciisily, and an* secure«l hy clam[»ing 
screws. It should lie possible to remove the telescope, and 
replace it without altering the reading <i( the instrument. 

The telesciope is supported on an arm eapable of free rotation 
about the vertical centre, .so that its a.xis may he imule to coincide 
with the axis of tl»e collimator. Tiie arm carries a vernier l>y 
means of whhdi the position of the telescope with regard to the 
divided circle i.s determined. Spectrometer circlcvS are often pro- 
vided with two vernier.s, but if the instrument i.s well made the 
eccentricity, which the second vernier is intended to correct, is 
negligible. The tele.sco|)e can be moved into po.siti(»n by band. 
The final adjustment is made by means of a micrometer screw 
attached both to tlie rotating arm and to a block, which can be 
clamped at will on to the edge of the circle in any position. The 
screw should be (if low ])itch, and it should ))e po-ssible to take up 
wear. 

Considerable difficulty ha.s been experienced in constructing 
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a telescope support so that it is quite free from vertical motion. 
In the best spectrometers the telescope arm is pivoted on the 
stand -pillar, which it grips for a considerable section of its 
liei^dit. 

The colliniator.and telescope each carry an achromatic plano- 
convex lens of 25 to :i0 cm. focus; the sliorter length is the 
more convenient for ordinary use. The slit is carried at the end 
of 11 slide-tube which has a rack* and pinion adjustment. The 
slit itself should be made o? some non-corroding metal ; one jaw 
should be fixed, and the other capable of adjustment by means of 
a micrometer senjw ; the two components are kept apart by a 
spring. In order to reduce the vertical widtli of the slit a shutter 
with a V-shaped slot in it is made to slide over its first suiface. 
A small right-angle glass prism, wliich can he adjusted so as to 
cover half the slit, serves to tlirow light from a source at tiie side 
down the tube. 

The eyepiece, which is used either for comparative observations 
or for measurements of angular deviation, must contain a spider 
line or pointer in its focus, which must be brouglit into coincidence 
with tlie line under observation. If the line is a faint one it is 
almost impossible to determine when the cross-wire or pointer is 
exactly over it, but the difficulty can be overcome by employing 
an eyepiece in which the pointer is illuminated from a separate 
source. For convenience in adjusting the instrument the needle 
may be made to move across the field by means of a screw. 

Method of if si tiff (he qKctroscope , — Before the telescope is 
[)laced ill position it should be focused for parallel light by 
observing some distant luminous object, preferably the moon. 
Since it is necessary to alter the focus of the telescope in observ- 
ing lines in different parts of the spectrum it is convenient to 
have the tube which carries the eyepiece graduated in millimetres, 
st) that a portion can at any time be recovered. The telescope 
and collimator are placed opposite to one another; the slit is 
illuminated by means of a sodium flame, and adjusted so as to 
obtain Ihe sharpest image. The tubes are then ailjusted in the 
horizontal and vertical position till their two axes exactly coincide, 
THi ci/s operation the slit should be reduced by means of the 
"horizontal slide to a luminous point, and its image should occupy 
the centre of the field of the telescope. The position of the 
telescope sliould be read off on the circle and noUd 

X 
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Each prism should be permaneutly fixed to a stand resting 
on three levelling-screws. Tlie points of the screws .slumhl it‘st 
in the radial slots which are cut in the surface of the j)risiu-table, 
so that the prism can be removeil and rei>laced in its original 
position. If it is necessary to place the ju*isin sonu‘what to <aie 
side of the prism-table one of the screws may rest in one of 
the slots, one on the surface of the table, and one in a small hole 
drilled specially to receive it. 

The prism is then adjusted to thejiosition of minimum devia- 
tion by moving the iele>co])e and ]>rism-table ; the positions of 
both are carefully noted. For visual measurements of wave- 
lengths it is sutVicient to make the adjust menl for the middle of 
the spectrum, the hydnigeu F line. If the prism is not jdace i 
in the position of minimum deviation, except for pinlectly jKirallel 
light, the lines will br doubleil, or at least blurred. 

After [dacing the pri.sm in the position of minimum deviation 
a further adjustmeiii of the collimator may l>e mailc by Schuster’s 
method {PhiK J/w., 1^70, 7, {bob The prism is jdaeeil in the, 
position of minimum deviati«»n, and the tidcscojK* is so jdaced 
that the cro.ss-wiie* lif*s .slightly on the more relraiigible side of 
s*»me clearly detined lim*, such as the 1> line. Then* uill thus be 
two [xjsitions of the prism in which the lim? will coincide with 
tlic cross-wire. Tiie prism table is tir.st turned in tin* o|»po.sitc, 
direction to that in which the telescope wa.s i*n!vionsly moved, till 
tlie line coincides with the ^cross- wire ; the tele.scupe is then 
adjusted to the fucu.s. The pri.sm is thus moved to the second 
position in which the lino and cro.ss-wirc coincide, and the focus 
is again obtained by adjusting the position of the slit, Tlavse 
two opemtion-s are repealed till the line appears in focus for both 
positions of the prism. This metliod has the advantage of a<ljnst- 
ing the instrument for parallel light for a mmdi wiilcr range of 
the spectrum than is possible by the ordinary metliod. 

Comparison of Spectra , — If the specitra of two gases are to 
be compared in order to detect the presence of coincident lines, 
one vacuum-tube is jilaeed directly in front of the slit and the 
other at the side, so that the light is thrown into the tube by 
means of the small right-angle prism, which is adjusted so as t6 
cover half the slit. The spectra are seen in the telescope exactly 
superimposed, and by making the cross- wire coincide with them it 
is easy to determine the presence or absence of coincident lines. 
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It is also po8sil)le to compare the lines in the spectra of two 
frascs by i)laciug the tubes in turn lielore the slit and adjusting 
the cross-wire or [winter to the line in question. 

Ill onler to flctermine the deviation of any line the telescope 
is adjusted so that»the line coincides exactly with the spider line 
or with the bright edge of the [winter. In making the adjustment 
tht! tangent screw shouhl be released from the circle, and the 
tel(*s(' 0 [)(; mov»‘(l by band till the coincidence is almost exact ; 
lit!' hunil .•ihnnhl he plnced on* the eluse to the circle ami not 

oil the tube. Tlie clump on the fine adjustment is then made fast, 
and the [sunter brought exactly inb» position. The [wsition of 
the telescope is then determined by means of the circle and 
vernier. 

Mln’dinefir sci’cv' ii/rpiere.'i are .sometimes used in the 
determination of small differences of wave-length, but since it 
is much easier to make accurate me.a3uremeuts by photograpliic 
methods these instruments do not [>os.sess any great advantages. 

From the deviation obtained from the vernier reading it is 
[Kissible to determine the wave-length or oscillation frequency of 
the line under (djservatitiu by reference to a curve obtained by 
[•lotting on ruled pa[)er the values fur known lines against the arc 
readings of the s[iectroscope. A curve representing oscillation 
frequencies is by far the most convenient, as it approaches much 
more nearly to a straight line : the wave-lengths can be detennined 
from the wave frequencies by reference to a table of reciprocals. 
The lines on the spectra of the gases argon, helium, hydrogen, and 
of the vapour of mercury cover a considerable range, and the gaps 
may be filled in by the lines in the arc spectra of certain metals. 
The following list of lines will serve for the calibration of an 
instrument within the limits of the visible spectrum, that is to 
say for radiation of wave-length between 7600 and 4000 tenth- 
metres. 

fttandard %care-lewjths. — ^To eliminate errors which might be 
introdi.ced through the use of different absolute standards of 
length it is usual at the present time to refer all wave-lengths to 
Howland’s standard. Rowland’s scale of wave-lengths differs 
4om that of Angstriim, and it is necessary to apply to the latter 
a correction varying from 1-7 units for the B line downwards. 
Rowland’s wave-lengths are expressed for air at 20° ; they may be 
corrected to vacuo by reference to a table. 
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Staxdaui* Lines emvi-Oyeu in (.'AMiitiATioN 





F 

Potassium . 

Solar A 

. 7t*»i7*> 

T 

Argon I. red paii 

Solar n 

\ 

t»>70-2 

F 

Lithium 


T 

Helium 

»>d7 7 

T 

Hydrogen (‘ . 


s 

Cadmium 


F 

Lithium 

01 *>.*»•> 

F 

Sodium Dj . 

. .”’'1*0 ‘10 


F 

Stwlium n 



;**'i*oip 

T 

Ibdium 



5^7:*p 

T 

Menuiy 



1 ;'7l«»;» 

\ ;,70!^ ;* 

S 

Cupper . 



r»7‘>‘»'3i« 

T 

T 

Argon . 



-o 

."•007 • l 

T 

f « < • 



fi.Voro 

T 

IT 



r* loo-j 

T 

Moreniy 



."ilOl 0 

r 

Argon . 



ol.Vi'O 

S 

Cadmium 



U.17» 3 
533’' *<» 

3 

(’o]iiH*r 



i .V220*28 

1 5218 Mf# 


M • 



5153*40 

.5105*75 

S 

Ca<]mium 



.50V t 

T 

Helium 



5015*73 

T 

Hydrogen F . 



4801 *5 

T 

Helium 



1022 10 

S 

Cadmium 



) 1790 
f 1077 

T 

Helium 



M71*«.5 


Cadmium 



4416 

T 

Helium 



3H88*7 v 


Cadmium 



3611 


l!(U\ laiitl. 

K*ler;ui(l V.'ili'iitii. 
Kowl.'llni. 

Riingt* and 


M* aii of 4]ri4*rniinatu)jis by - 
Aii‘:stri»in, Tbalftj. Knilbanm. 
MuIUi iiml Kujnjil', l*irro.*, ainl . 
ib 11 ; tHk(i) by Kowbind ns hi> 
staiDiartl. 

aij»l rasubun. 

Ktlcr aiul Valonta. 

Kovvlatiil, 

tblui an<l Vab-nl.i. 


Kowlaml. 

pair; 


» » 

K<1«t uii«i Vaionta. 

. Run and 1’aKcbon. 

' Rowland. 

Kuii^e and Pasclien. 

K<ler and Valcnta. 

Kiingc and IWdieii. 
Eder and Valunta. 
Kiirigo and PaH('hen. 
1 Eder and Valcnta. 


Abbreviatioua : T, vacuum-tube ; S, apark between electrodea of the metal ; ]** 
flame s[>ectruin. 

TAe indmtion coil — For the production of spectra, for sparking 
gases with oxygen, etc., an induction coil, capable of giving a six- 
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inch spark, should he employed. The coil should be a good one, 
by Apps, Newton, or .some well-known maker; cheap coils quickly 
wear out, and owing to the breaking down of the insulation of the 
secondary circuit soon cease to be eliicient. The coil should be 
kejit dry and free. from dust, and care should Ije taken that the 
]>latinum contact-pieces are in good condition ; when they become 
rough they should be carefully filed. 

An .Vjtps coil giving a six-inch spark in air works well with 
four accumulator cells in 'series. The secondary discharge is of 
an intermittent nature, the cffeH produced at the cathode, the 
region of maximum disturbance, being diflerent from that produced 
at the ano«le. 'I’he intensity of the secondary dischaige may be 
regulated by adjusting the tension on the spring of the armature 
by means of a screw. The adjustment should not be made by 
means of the contact screw, which should only be moved in order 
to take up wear on the platinum contact-pieces. 

The alternating current may be used with effect in sparking 
gu-ies with ox3*gen, and in producing brilliant spectra with vacuum- 
tubes. The terminals of the primary coil are connected through a 
resistance, so as to reduce the current to about five amperes, mth 
the leails from the main, and the annature is screwed up so as to 
bring the contact-pieces together. On turning on the current the 
coil omits the well-known “transformer hum,” and an alternating 
current of high intensity is jiroduced in the secondarj' coil. If 
the spark-points are brought close together an electric flame is 
produced between them ; this flame is very efficient in effecting 
the combination of oxygen and nitrogen. Since the secondary 
discharge in a vacuum-tube is in this case truly alternating, no 
difference is observed at the two poles, and both electrodes become 
eiiually heated. 

A remarkable change in the nature of the discharge, and 
consequently in the nature of the spectra, is produced by the 
introduction of a I.fi3-den-jar and spark-gap into the secondary 
circuit. The effect is to produce an oscillatory discharge of high' 
intensitj'. The outer coating of the jar is connected with one 
terminal, the inner coating with the other, and the spark-gap is 
placed in circuit with the tube. The width of the spark-gap may 
vary between one and seven millimetres, and should be adjusted 
so as to produce the maximum effect. 

Zummous ftpectra may be dinded into two classes : bright 
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line spectra, in which the luminous re^uons are sharply ihifineil at 
the edges, and correspond to liglit of delinito vibration frequency ; 
and band spectra in which the regions of nuiximum and inininmm 
intensity shade off into one ainuher. Hainl spectra usually 
consist of a number of bright lines close together. 

There appears to be no direct connection, at least so far 
as is at present known, between the nature of a gas and its 
spectrum, for it cannot even be assumed that a simple bright 
line spectrum necessarily indicates * a siiu}>le molecular struc- 
ture. C’ertain relationships have, however, been huind to exist 
between the vibration frequencit's of the lines in the spectra 
of individual gases, as in the case of helium by Hunge and 
Vaschon (p. oil), and also between tlie spectra pf sul>stanc(- 
closely allied. 

The nature of the sjH‘ctrum of any gas ilepeiids upon the 
conditions under whiidi it is produced, and may be C'onsiilerably 
intluenced by the nature of the electric discharge in the lube, by 
the pressure under which it is confined, and by the priNStmce of 
olht?r gases. The natuit* of the discharge b(*twecu the secondary 
(dectrodes of an induc tion coil, and the etfe(‘t of introducing a 
I.eyden-jar and spark-gaj) into the seemidary circuit, has already 
been referred to. and by means of this arrang<*ment very striking 
cdianges can be prodmeil in the spectra of certain gases such as 
argon and xenon. The sp(*ctrum of helium undtfrgoes a change 
when the pressure is altered : under a pressure of o min. the 
glow emitted by the gas is yellow and the line of ma.ximum 
intensity is 1)^ 5870; when the pressure is reduced the glow 
l»ecome8 green and the line 50 IG predominates. The effect of 
pressure on the si^ectrum of a mixture is very marked ; helium, 
for instance, is entiifely obscured by nitrogen at high pres8ure.s, 
while at low pressures only the helium is visible. 

ITje pri.sm spectra of certain gases have Wen specially 
pliotographed for this book, and are reproduced on the accom- 
panying plates. I am indebted for these {dictographs to Mr. 
E, C. C. I3aly and Mr. Mees. 

The principal lines in the spectra of the elementary gases are 
given in the following tables. Fuller lists will be found in any 
work on spectroscopy, or in Watts's Index of Spectra. 

Hydrogen . — ^The spectrum of hydrogen contains the following 
lines : — 
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C . . A = 65621 

F . . 4861-5 

4340-7 
4102-8 

The Ho-eallcd •secondary spectrum of hydrc^en consists of a 
vast iniml)er of fine lines filling the whole of the spectrum. It 
is cerlaiu that absolutely pure hydrogen is very difficult to obtain, 
l)iit whether the secondary spectrum is due to hydrogen at all is 
still a moot point. * 

IfiHimi . — lender the influence of the intermittent discharge 
the spectrum of the gas contains the following lines : — 

7056 (Not coincident with argon, Kayser, Ohem. New*, 1895) 

6677 

• 5875-9 (r).j, weak component 5876-2;i 

5048 (Kasily iimaked t»y impurities) 

5015-6 

4922 

4713 

447*2 


At 7-S millimetres pressure the colour of the glow in the 
tube is brilliantly yellow, and the line 1)., reaches its maximum 
intensity. On reducing the pro.ssnre, the intensity of E01$-6, 
tlu* green line, increases, and at 1-2 mm. the tube emits a 
brilliant green light ; this only happens when the gas is pure. 
This ])heuomenon led Kunge and I’aschen to believe that they 
had efiected a sepamtion of helium into two substances which 
w-ere characterised by the lines 5875-9 and 5015-6 resj^ctively. 

The line 7055 disappears- when the jar and spark-gap are 
usetl ; the spectrum is not, however, otherwise affected, qply 
becoming rather less brilliant. 

In the presence of other gases, particularly those like nitrogen 
which give a compound spectrum, the helium lines are most 
easily distinguished when the pressure is very low ; the green 
line (5010) is usually the most brilliant (Ilamsay and Collie, 
Pt'oe. Hoy. Soc.y 69 , 258) (see Fig. 190). 

Neon . — ^The lines in the spectrum of this gas lie for the most 
’part within the red area ; these are strong and brilliant, as is also 
the yellow line Dj (5862*6). There are also strong green lines. 
The glow in the vacuum-tube is a red-orange, which becomes rosy 
if much helium is present in the gas ; the presence of this gas is 
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most easily detected by means of the gxeen line 5016. Tite 
spectram of neon is weakened, but not changed when a I.eydeii- 
jar and spark-gap are introduced into the secondary circuit. The 
wave-lengths of the lines have been measured by Mr. Tlaly by 
means of a Kowlnuds grating. . 

Argon . — ^The spectrum of argon is very complex in character, 
and undergoes a striking change when the nature of the dischaige 
is altered. With the intermittent dischtkige the glow in the 
tube is red, and few blue lines ap]>eai in the spectrum ; with an 
oscillatory discharge the glow is bright blue, the red lines in the 
spec^un disappear, or become faint, and many new green and 
blue lines appear; when the gas in the tube is at low pressuru 
it usually gives a mixture of the two sjR'Ctra. With a Tesla 
dischaige the glow lieconies nearly white and a spectrum akin to 
the blue spectrum apiiears ; while on the other hand liy passing 
an aitemating current of low voltage through the jirimary ciivnit 
of the induction coil, the red spectrum is prtHluced with the line 
C964"8 strongly intensitied. It appears tlien that the red and 
the blue spectra are themsidves (‘apable of furtlicr modification 
(Kayser, Berlin Aliad., 1896: Kder and Valenta, irie/ii r A/.vfi., 
1896). 

Bpectnim. Hlui*. Spi'ctriiin. 

7056'f>- Veiy bri^'lit 
696 4 '8-- pair. 

6752*7- « 

6676-5- 

6415*2 Strong line 


6172*9- 

Faint pair 

6172*3 Weak line 



6114*1 

»> 

6033*7 

Strong line 

6033*7 Strong line 

5912*5- 

Fairly strong 



68890- 

pair 



5739*9 

Fairly strong 

5739*9 

Fairly strong 

5651*0- 


5651*0- 


5607-4 

' Group ^ 

5607*4 

Lines much 

(5572*9) 


weaker than 

5559-0 

; eontaining 

5559-0 

in nifd 

5496-2 

■ five strong ^ 

linPA 

5496*2 

spectrum 

6451-9 


5451-9-1 


(6421 •7)-l 

1 



5263-8-. 


5253-1 


5221*6 i 

Group of 



5187*5 i 

four lines 




5162*6- 
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The lines in the blue part nf the si)ectrum can only be 
accurately identified by direct comparison, or by photograpbio 
methods (see Fig. 130). 

In the ])resence of small quantities of nitrogen the argon 
spectrum is invisible. In such cases the spectrum is more easily 
seen when the pressure is low and the jar discharge is employed., 

KnfjUon . — Like helium and neon the spectrum of the gas 
is inde{)cndent of the nature of the discharge. The lines in the 
red area are few, but bright and distinct. The yellow line, 
TiHTl, and the green line, ooTO'o, are by far the most brilliant, 
and like the mercury line, 5461, they are distinctly visible when 
tlie gas is only present in minute quantity in a mixture. These 
lines are proliabiy pre.sent in the spectrum of the aurora-borealis, 
though this reqiures confirmation, and also in the spectrum pro- 
duced by the passage of an electric spark through liquid air. 
The glow in the tube is yellow-gi’een (see Fig. 130). 

Xfnoii . — The spectrum of this gas, like that of argon, under- 
goes a change when a Leyden -jar and spark-gap is introduced* 
into the secondary circuit, but of an inverse order. "With the 
intermittent discharge the glow is blue and the lines in the red 
and green parts of tlie spectrum are few and faint. With the 
jar and spark-gap the glow becomes green and very brilliant, and 
the spectrum, which is very complex, contains many green linea 
(see Fig. 130). 

Hnlidi's of carbon ami sUicon . — The line spectra of these 
gases are remarkably brilliant. The wave-lengths of the lines 
will he found in Watts’s Imicr of Spectra, 

Mcrcurif . — The spectrum of mercury, like that of krypton, 
is visible in the presence of traces of the substance only. 
Vacuum-tubes when newly filled with the rare gases, particularly 
those of higher atomic weight, almost invariably give the spectrum 
of mercury. In a short time, however, the mercury appears to 
be absorbed by the electrodes, and the lines of its spectrum 
disap))ear. 

Lines in the spectrum of mercury (Kayser and Eunge): — • 


5790-5 

57C9-5 


6461-0 

4358-6 
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Banded spectra — (hifi/en, Xitroijen, Oxides of caHnm 

It is impossible to enter on a iloscription (tf the spectra of 
the substances inentioiuHl above. t>r the clmnm'.s which Ihcv 
uuderizo under varvini; coiuHii»mj^. A verv brief accuiunt of their 
general characteristics must sutViee. 

(Knjfjni. — The whole spectrum of the liirlit from tht* <*a|»il!ary 
porthui of a Plueker tube is faiiil, and consists tuily of sonn* lines 
in the red anti a number of indistinct hands extending tlirough 
the blue portion of tin* spectrum. The glow in the lut>e is 
yellowish, and persists after the discharge has ceased to pass. 

The presence of oxygen con-^idtu-ahly wcaktMi*' llie inlensih 
of the spectra cif such gase^^ as helium ; iho visual speclnnn of 
air is. however, identical with that of nitrogen. 

Xi/ntijui. -'The hrilliant handed s[>et‘trnni of the licht from 
the eapillary portion a Tlm^ker tube is vtuy characteristic hut 
ditiundt to descriia*. The accomjuinving jdaviograph givts a 
good idea of the position and form of the liands f'Fie. 

(///Wes of ref rhon. •' TIutc appears to he some confusion lietween 
the spectra assigned to the two <»xid<^s of (‘arhoii, and many 
physiei*>>ts have a>signe<l to the dioxide, the speeirnm which 
is probably due to the monoxide, i.’O, and which may sometimes he 
produced l>y the d»'C(»m posit ion of the hu iner under i1h‘ inllueiu'C 
of the discharge, or in c^mtact with the heated electrodes in tin* 
vacuum-tube. Tin* true .spectrum of pure Tt ) is piaclieally 
identical with tie* 8o-c*alled Swan .spectrum of the luminous ga*' 
tiaiiie. The s|>octrum of (.'O, is mueh less sharp, and contains 
fewer hands. The matter has recently l>een made the subject of 
an investigation by Smithells (P/tii Mffff., 1001. 1 , 470). 
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APPENDIX 

MkTIIODS of MAlNTAlNINi; A CoXSTAXT TkMFEHATURE 

'Fiif siinj)l*‘st method coiii^ists in surrounding tlie apparatus with a 
niflling solid, so that the liquid produced is continually removed, or 
the mixture of solid and liquid is well stirred. As a rule ice only 
is employed, hut other solids, such as naphthalene (M.P. 80*06), and 
certain salts at their transition points, may be employed (Richards and 
Churchill, Amvr, Arnd.^ 1899, 34, 277 ; Kichards, Zeit, Pfif/s. Chein,^ 
1890, 26. 690; (Miappuis, h.< P/v/Z/y/z/s, 1900, 17). 


Ti.MmitATi in > <»N Tin: XfUiMAi. Scale p. 149) 


Icc 

00" 

Mercury 

. -38-80 


. + 19*85 

Xa'S()jJOll..0 

32*379 

Xii'CO.jloHA) 

35*1 

Xa.‘s..< 

48*0 

Nanr2H..()“ 

50*7 

MuCl.nl.O 

57*8 


GIO 

Xa,PO,12H..O 

73-4 

iWoil .,8H.,0 

77*9 


If ice is used in delicate experiments it should be made from distilled 
water; this is not, however, im[)ortant except in the case of instruments 
such as the Ihinsen ice-calorimeter, which appears to be aflected by 
the change of melting-point consequent upon change of atmospheric 
pressure. 

By circulating water from the main through a jacket surrounding 
the apparatus (Chapter VII.), a fairly constant temperature may be 
maintained. A rapid stream of water should be employed, and if a 
largo quantity of water is allowed to flow away from a tap on the 
service pipe beyond the point at which the jacketing water is taken 
of!’, variations in the temperature due to draughts, etc., are avoided. 
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Any desired temperature may be obtained by j)assing the water 
through a coil immersed in a water-bath. 

The whole apjwiratus can often l)e immersed in an Ostwald thermo- 
stat {Physko-Chemkul Meamrements), which can be made for the 
purpose out of a largo beaker. The temperature may in this wa)’ be 
maintained constant within 0*1 C. for some weeks. Ikiths of fust-d 
salts, such as mixtures of sodium and potassium nitrates, well stirred 
by a mechanical stirrer, may be employed in working at liigher tem- 
peratures ; Jena glass beakers must be employed in tlie latter ease. 

The temperature of a pure liquid boiling under constant ]>rcssure 
remains fairly constant, but there is often a ttnidency towards super- 
heating, as in the case of liquid nitrogeii. Tin* temperature t)f the 

vapour is usually more definite, 
but vapour-jackets can only be 
employeil in the ease of sub* 
stances which are liquids at the 
normal tenqwraturo. The follow- 
ing very simple methods have 
been a]>plied by Itamsay ami 
Young to the ju'oduction of con- 
stant and (l(*firnle temperatures 
a]»ove that of the atmosphere. 
Fig. 1J2 sliows the apj)aratus 
employed in heating the bulb A 
of a gas thermometer. The 
stem of the thermometer passes 
through a cork, which is covered 
by a layei’ of mercury to protect 
it from the action of the licpiicl 
which is ])oiled in the flask I* ; 
the vapour is condeiKscd in the 
tube C. To regulate the pressure 
th(5 a|)paratu.s is connected with 
a fla.sk of about two litres capa- 
cit}^ and with a manometer E. 
The pressure in the apparatus 
can be adjusted by means of an 
air-pump connected with F. 
The temperature of the vapour 
in A is directly determined from 
the observed pressure (p. 319). 

It is very much more ditticuU 
to maintain a constant tempera- 
ture by boiling a liquefied gas under a pressure considerably below 
the normal ; this may, however, lie done in the apparatus described in 
Chapter XYI. The gas is first liquefied in the tube surrounding the 
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apimnitus to be cooled by immersing it in liquid air, and is then 
evaporated by an exhaust-pump, or by connecting the tube containing 
it with another immersed in liquid air. The method is not, however, 
satisfactory unless a considerable qu<*intity of liquid can be obtained. 

Kammerlingh Onnes has pai<l particular attention to the methods for 
maintainirjg liqui<l ethylene and other gases at a constant temperature. 
His woik is described in the Proceedings of tlie Amsterdam Academy 
(published in English), but involves the use of appiiratus which is only 
to be found in his own laboratory. A simple calculation will indicate 
the size of the ])ump recpiired to evaporate 500 c.c. of liquid air in an 
hour under a lu essure of 10 mni. 

If pure anhydrous ether, conUiined in a large vacuum- vessel, is 
mixed with liquid air, it may be cooled down to - 120 C. without 
becoming solid. If the vacuum-vessel is a good one the temperature 
rises very slowly, and the bath may be emploj’ed in the detemiination 
of critical points, etc. The bath should be stirre*! by means of a 
rotating screw, and the temperature may be determined by means of 
a gas or lesistance thermometer. It has already been pointed out 
that the thermo-electric couple gives very erratic results when used to 
measure low temperatures. 

Tables of 15oilix(;-poixts 
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-2-24-95 
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374-95 
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1 
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27 
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40 

617*5 
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110 0.5 

: 15 

211*15 

28 
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41 

638*7 
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14ti’45 


-254-25 

29 

419-0 

4*2 

660*5 

1 

158 1 

! 17 

264 '65 

30 

484-6 

48 

682*9 

.'1 

ItjO-O 

i 18 

-275-4 

31 

450*65 

44 

705*9 


167-15 

19 

-286-55 

82 

467*15 

45 

729*5 

7 

171-0 

20 

298-05 

38 

4S415 : 

46 

7 53 *7 5 

8 

18-2-25 

21 

809-9 

34 

501-65 

47 

778 6 

9 

19U-2 

22 

322-1 

35 

519-65 

48 

804*1 

10 

198-45 

28 

884-7 

36 

538-15 

49 

830*25 

11 

207-0 

21 

847-7 

37 

557-15 

00 

857*1 

12 

215-8 

25 

861*1 

38 

576-75 
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Ethyl 

•Range from 40' to 7 
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T. 

r. 

T. 

P. 

T. 

P. 

T. 

P. 

40 ' 

188-7 

00 

. 220-0 

60 ’ 

850-8 

70 ’ 

541*2 

41 

140-75 

51 

-280-8 

. 61 

866-4 

1 

564-35 

42 

•148-1 

52 

242-05 

62 

383-1 

1 72 

588-35 

48 

155-8 

58 

2.58-8 

68 

400-4 

i 73 

618-2 

44 

168-8 

54 

265-9 

64 

418-35 

74 

638*95 

45 

172-2 

55 

-278-6 

65 

487-0 

75 

665*55 

46 

181-0 

i 56 

291 -85 

66 

456-35 

76 

693-1 

47 

190-1 

. 57 

805-65 

67 

476-45 

77 

721-55 

48 

199-65 

68 

819-95 

68 

497-25 I 

78 

751*0 

49 

209-6 

‘ 59 

384 -8.5 

69 

518-85 

79 

781-45 

) Mhtwmsy vol. 26, pp. 394 

and 349 ; 

Kaiusay and Young, Jounu Chem, 


vol. 47, p. 64 0. 
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mt't.al t.) gi.usN 22 

Kiyptou, l)niliiio.jM)iut, et*-. 216 

^eii-'ity and at»uiiiu wviglit of, liy, 2*12 
ili'^ovrry of, 115 
reparation from .air, 221 

Li<inefiietion ot ga'«!e-., ls*2, *2^'9 
Liqun! air, eo!ujM)rition of. 22 1 
proilnetioii of, 390 
Liquid hydrogen, 195 
Lubricant for stopcockr, 25 

McL«o<rs gauge, 157 
Manometer, Amagat's 161 
Oiineti’s, 162, 165 
Mercury, density of, 76 
pumps, y 

methods of purifying} 15 
troughs, 26 

vapour pressures of, 65 
Methane, estimation of, 95 
preparation of, 53 
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(. -t nn.tlion ot, 
in an, *.n» 

Hi lionnl air. 221 

bqmq.i- tiou of. Ih:{, ISl, lint 
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I Seales, graduatmii of, 59 
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j mirror, 56 
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' Soiliiim hydride, 42 
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ratio of, 271 
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Spectrum analysis, 297 
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S|iri*iiKer.s pump, 11 
Sticktiot), 

StopOOi’kn, 

Sulphur ilioxule, r»‘J, 1S3, ‘246 
Sulpliun‘tttMl liydni^cM), 
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Syphon jiipotP*, *JS ^ 

'rt*K*srop«*, n'fulimjT, ,07 
'I’lunpiuatun*, standanl, 1 
'IVinjuTiitun^N foiHtaiit, 31 .*1 
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Vapour pressures, calculation of, 236 
Vai>our pressures of lique5cd gases, 227 
of methyl alcohol, 239 
of water, 65, 238 
Viscosity, 285 

Volume coeflicients of gases, 148 
Volume, measurement of, 66, 71 


Wash'ljottles, 40 

155 Water, composition of, 135 
* ileiisity ot, 73, 74, 128 

vapour pressures of, 65, 238 

Xenon, Vjoiling-point, etc., *246 

density and atomic weight of, 113, 2*22 
discovery of. 115 

separation from argon and krypton, 118 
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